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SUMMAKY

The overall objective of this investigation was to evaiuate an advaaced
scavenging unit for an integral engine particle separator in accordance
with the following design criteria:

Engine Airflow 51b/sec
Scavenge Flow Rate 0.9 lb/sec .
Inlet Pressure 20 in, H,0 Eizlow Ambient

The overall program, subdivided according to tasks, is sumimarized
as follows:

1. In Task I, a feasibility study was conducted on saveral
systems including both dynamic and static designs. All
designs were campetitively evaluated; and at the con-
clusion of the study, one dynamic dssign {a "=rimary"
system) and one static design (an "alternate' system) were
selecied for detailed design, procurement, and evaluation,

2. Task Il consisted of detailed aerodynamic and mechanical
design of both systems, including their respective iest
rigs,

3. In Task II, all test item and test rig hardwarec ' >ments
were procured,

4, Task IV, the final phase of the program included assembly,

installation, experimental evaluation and data analysis of
the primary and alternate systems.

INTRODUCTION

Particle separators currently in use on gas turbine engines typically
incorporate a bladed pump to scavenge the contaminant laden air from
the separator. This approach is disadvantageous in that the scavenge
pump blades are prone to erosion damage in the highly concentrated
saud and dust environment.

Consider an engine with 5 lb/sec airflow through the campressor,

and 18-percent (0.9 lb/sec) scavenge flow provided by a conventional
blower. If the engine separator is assumed to have an 80-percent sand
separation efficiency, then ths sand concentration (Ib sand/lb air) at the
scavenge blower will be 22 times higher than the sand concentration

at the campressor inlet, With advances in separator tachnology,

the requirements imposed on the conventional blower become even
more cxtreme, At 90-percent engine separator efficiency, the
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sand-to~air concentration at the blower is 50 times higher than that
at the compressor, for the same engine and scavenge flow rates,

A typical conventional blower design is shown in Figure 1. The 90-degree
drive is shown in order to preserve commonality with the type of drive
arrangement used on the proposed pump designs described later in this
report. The weight of the pump is approximately 6.5 pounds. Total
pressure ratio is 1.08, at a speed of 50,000 rpm. Powsr requirements
for the unit at 0.9 1b/sez would be 5.8 horsepower, at a stage adiabatic
efficiency of 0. 60, Experience with this type of blower design has shown
that, although power requirements are low, the unit fails to endure sand
ingestion tests using MIL-E-8593B sand, with a rate of performance
degradation that is within acceptable limits,

One possible solution to this problem is to provide a means of protecting
the bladed pumnp such that the rotating component is not subject to the
erosive environment. One way of accomplishing this is by designing

the scavenge unit tc be a separator within itself. The degree of protection
afforded to the rotor will be a function of the separation efficiency of the
scavenge unit, and the quantity of air which bypasses the rotor.

This innovation in scavenge unit design results in an order of magnitude
improvement in rotor protection, as is shown by Figure 2. The upper-
most curve relates the sand-to-air concentration (C,) at the inlet of a
conventional blower to the sand-to-air concentration’{C;) at the engine
compressor, The relative concentration (CZ/CI) as mentionad earlier

is seen to vary from 20 to 100, depending on the efficiency of the engine
separator,

If the design is now modified such that approximately 16 percent of the
total flow into the scavenge system is diverted past the rotor (i.e.,

B, = bypass ratio = 20%) along with 90 percent of the sand {(i.e., Ny =
blower inlet aeparation efficiency = .90), then the relative concentration
C,/C, is reduced from 52:1 to 6,2:1 , assuming n, =90%

By further improving the design so as to obtain 99-percent blower inlet
separation efficiency at 100-percent bypass ratio, the concentration
tactor approaches 1.0, again assuming N} = 90%.

However, in each of these two protected pump designs, many other con-
siderations are present, via trade-offs, and these are discussed later.

A second fundamental design approach is to¢ eliminate the rotating pump
completely and utilize a static system to pump the required scavenge
flow, thus minimizing erosion.
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CGCMCEPT FEASIBILITY STUDIES (TASK 1)

GENERAL

The prime consideration throughout this program centered upon the
aspect of durability, however, not to the exclusion of power consumption
reliability, physical size, etc, This paraphrases the requirement that
the scavenge pump should be a practical device in terms of application to
an aircraft gas turbine, Overall practicality motivated the study of
various design approaches, with careful attention to the weighting of rel-
ative merits as well as disadvantages.

in Task I, feasibility studies were conducted on several innovative con-
cepts for engine particle separator scavenging systems. Based on
aerodynamic studies for each system, flow path definitions and assess.-
ments of engine power penalties were evolved. Preliminary design lay-
out drawings for each concept were prepared with sufficient detail to
permit a competitive evaluation, In certain cases, particle trajectory
analyses were used to provide an estimate of rand separation efficiency.
The impact of engine/systera integration was studied by using a typical
advanced technology gas turbine as a basis,

For purposas of subsequent reference, the proposed systems are desig-
nated by alphanumeric prefixes according to the following definiticns:

DIA - Self-Bypassinyg System -
(Mixed Flow Rotor)

D1B - Self~-Bypassing System
(Axial Rotor)

Dynamic
D2 - Externally Bypassed System Systems (Primary)
(Protected Fan)
D3 - Vortex Tube Assembly l

S1A - Single Tube Ejector

S1B - Multiple Tube Ejector Assembly Static
Syst?ms (Alternate)

S2 - Engine Tailpipe Eductor !

The above systems are categorized into three groups for purposes of
subsequent comparative discussion:

1. Mechanically Driven (D1A & D1E)
2. Composila Mechanically Driven
and Engine Flow Powered (D2 & D3)
3. Engine Flow Powered (S1 & S2)
16
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SEL¥-BYPASSING DESIGN CONCEPT

A preliminary design for a "'self-bypassing' type of separator scaveng-
ing unit is shown in Figure 3. The salient features in this type of decsign
are the utilization of an inertial bypass inlet to afford erosion protection
to the rotor, and the use of an annular ejector (powered Ly the rotor exit
flow) to expel the contaminated bypass air through the system exhaust,
Prior to describing the specific details of two designs (D1A & D1B) that
incorporate this feature, the concept wiil be discussed on a more general
basis in terms of advantages or disadvantages which result when key
system parameters are varied,

This type of system can be designed for a wide range of bypass ratios,
that is, ratio of flow pumped by the ejector to that which is passed
throuzh the rotor, As the bypsass flow rate is increased, the total pressure
supplied to the ejector primary nozzle, and the rzquired rotor input
power, must also increase. The off-setting advantage, which results
from high bypass is that sand separation efficiency is improved, thus
favoring rotor durability, A trade-off results between power require-~
ments and rotor durability, depending upon the bypass ratio selected for
the system.

Figure 4 shows tkis trade-off cxpressed in terms of bynass ratio specifically

for the two self-bypassing designs which were studied, namely Systems
Dl1A and D1B, The vertical asymptote represents the extreme case of
zero bypass ratio, and zero sand separation efficiency wherein all of the
scavenged airflow is passed through the rotor as in the case of most
scavenge blowers in use today. The only input power required is for
sufficient headrise to overcame losses in exhausting the flow, For this
purpose, a rotor pressure ratio of 1,08, at a rctor adiabatic efficiency of
0.70 was assumed. The low efficienc;{.is consistent with a simple rotor
design having relatively few blades, thick cross sections, blunt leading

and trailing edges, and with castable tolerances.

As the bypass ratio is increased, progressively higher pressures are
required at the ejector primary nozzle, but with the inherent advantage
of continually improving the sand separation efficiency, At the labled
design points, the magnitude of pressure ratio required classifies the
type of rotor to be designed (based on 70-percent rotor adiabatic effici-
ency; as mixed flow for System DlA, and axial flow for System DIB., In
all instances the total inlet airflow to the system is 0.9 lb/sec.

SYSTEM DIA - SELF-BYPASSING SYSTEM (MIXED FLOW CENTRIFUGAL)

This design (Figure 3) uses an inertial bypass inlet with a 1:1 rate of
bypass flow, to afford substantial erosion protection to the mixed-flow
campressor., An accelerating vane row downstream of the impelier
serves to turn the flow to the axial direction where it provides primary
air to the annular cjector.

17

vt s ks s s

[0 s Sk e
“ 1




‘wi weisdg - udisaqg Axemuwryeag

0071

7

¥illids
aLaiie

- ofm—

NN
ANVAN021S
1013313

" . ! v
L ...i,lrv_ ttl’}%k%% I e

¢ sandyg

18

VA SHIMAL
WHVEININY

32108
Avrnidd
¥013313




* (uf1eo(] BurssedAg-J19S) JJO-9peL] JoMod fo13ry asedig °p sandry

‘s 10H iy - HIMOJISHOH HOLOY
" ve 0z 9 21 8 y 0

]
| ’
.
1
i

W

;;,‘mr 4

» 34NSS3Hd
| HOLOH
|

19

<
g/

108 /dM8pn = 2 :01LVH SSVAAS
‘ 0OTH ‘NI 02-= M°d :3HNSSIHd LIINI
| 285/Q] 6'0 = 10LM :MOT4HIY TVLOL

0

o0

o

SHOLOY SHOLOH | wmo_b@.?_
< ._<08_E.zwu..L&| MO Q3XIN T TVIXV

ST i L) g e __?_;iass_i_ﬁv=%;,,m_u,s__WL<_,‘__,£‘aww.,_..%E%&i5g_E.§gii¥E_x§§§§&§§§§§§§§ﬁ¥ﬁ%§§§§§§§§§§%&§§§

__________________________________________________________________



Analytical studies were made to determine the ejector performancs as a
function of mixing tube and diffuser geometry. Initially, the ratio of
secondary flow area to primary flow area was varied (for fixed primary
airﬂ_ow conditions) until a sufficiently high secondary flow velocity was
obtained, that is, adequate margin from recirculation of the secondary
flow in view of the high headrise requirements of the ejector. Next, the
length of the mixing tube was optimized for maximum secondary flow.
Numerically, this optimum condition was found to occur at a mixing
tube length which was approximately three times the tube hydraulic dia-
meter. L/DH values (length to hydraulic diameter) up to 5.0 were studied.
Final adjustments to the system pumping capacity were made by varying
the L/ and the exit area of the diffuser. From these studies, the
followmgparameters were evolved:

Ejector Area Ratio - As/‘\p 3.5

Primary Nozzle Mach Number - MF 0.78

Mixing Tube L/Dyy 3.0
Diffuser Area Ratio 3.8
Diffuser Recovery 0.78

The overall performance characteristics for this system are summarized
in Table 1,

Nominally, this syst.m is designed for a 1:1 bypass ratic; since only 50
percent of the inlet airflow passes through the rctor, this feature will
favor high sand separation efficiency and durability, though at the
expznse of some increase in drive power as the ejector is now required
to pump more flow., {Rafer also tc Figure 4.)

In order to obtain an estimate of the sand separation efficiency of the
system inlet, a series of particle trajectories were computed, and the
results are shown in Figures 5 through 9. From this analysis, it appears
that particles which are above i5 g in size will maintain sufficient inertia
as to bypass the intake to the rotor. On that basis, the following cal-
culated sand and dust separating efficiencies result:

MIL-E~5007C AC COARSE AC FINE

(Mean Size = 200y} (Mean Size =25u) (Mean Size = 7y)

n 99T,y Nep 92% ”sr;p = 80%

SEP

The above data is based on bypassing ail particles above 15y in diameter
(from the trajectory analysis) and 50 percent of those particles under 15u
(based on 1.0 bypasa ratio). This type of analysis generally results in
vptimistic efficiency prsdiction,

20
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TABLE 1,

PERFORMANCE CHARACTERISTICS - SYSTEM DIlA

s

———

Total Inlet Flow

Inle: Total Pressure

Inlet Total Temperature
Bypass Flow

Rotor Flow

Bypass Ratio

Rotor Pressure Ratio
Engine Power Loss
Roter Speed

Ejector Primary Pressure

e
0.9 lb/sec
-20 in, HZO
{13.98 psia)
518, 7°R
0,45 1b/sec
0.45 1b/sec
1.0

1.59

2.1%

50,000 rpm

20,75 psia
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A mechanical drive arrangement using bevel gears is shown in Figure 3,
As an alternative scheme, the feasibility of an axial flow air turbine
drive was considered. On the basis of a simplified matching study, it
was found that turbine blade heights became unreasonably small {under
0.100 in,) for rates of engine bleed air on the order of 2% (6,4% engine
power loss), Conversely, to achieve more realistic channel heights
(0.200 in.) would require low, off-optimum blade speeds of approximately
400 fpr with a bleed air supply of 3.2% (10.2% engine power loss), ach
of the preceding cases applies to a supersonic impulse turbine, restricted
to only 15-percent partial admission., From this study, consideration of
an air turbine drive appeared impractical,

The fundamental disadvantage to thie design, relative to other concepts,
lies in technical risk, The self-bypassing feature inherently involves
interaction between the bypass airflow and the rotor airflow, with no
means available to independently vary these parameters. Thus, uprating
the system performance for development purposes requires major hard-
ware changes, By contrast, a system whose hypass flow is independently
controllable, might only require (as an example) an increase in bleed
airflow to effect the required performance change. Another aspect of
technical risk, particular only to the D1A design, is the small size of the
channel height at exit from the turning vanes (0,075 in,), It was found
that the ejector performance is sensitive to changes in nozzle channel
height of approximately *.005 in,, which is of the same order as the
manufacturing tolerances on each wall contour ( +.002 in.),

In summmary, a prime advantage in this design is rotor durability, owing
to high bypass ratio. Other significant advantages include relatively
low power requirement, and compactness of the design in terms of min-
imal impact upon the engine envelope,

SYSTEM DIB - SELF-BYPASSING SYSTEM (AXIAL ROTOR})

This configuration {Figure 10) is similar to System D1A, except tkhat the
centrifugal stage is replaced with an axial rotor and stator assembly. By
reducing the quantity of bypass air to be pumped by the annular sjector,
this concept requires the least input power of all systems studied, Per-
formance characteristics for this sysiem are listed in Table 2,

The objective in formulating this particular concept was to obtiin the
required system pumping capacity of 0.9 1o/sec by utilizing the relatively
low pressure ratio available fram a single-axial stage, This wouid then
require a high rate of mass tlow through the ejector primary nozzle, but
at a much lowez velocity relative to the D1A design,

In analyzing the ejector, it was determined that for a secondary-to-pri-
mary area ratio of 0,84, and at a primary airflow of 0,75 lb/sec, the
secondary airflow was 0,15 lb/sec, or 20-rarcent oypass flow. The
total pressure required at the primary nozzles would be 15,80 psia, for a
secondary supply pressure 20 in,H,0 below ambient (13, 98 psia),
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A general comparison of key rotor and ejector parameters for the DIA
and D1B self-bypassing designs is given below:

PROPERTY SYSTEM DIA  SYSTEM DIB
Primary Airflow - lb/sec 0.45 0.75
Primary Total Pressure - psia 20,75 15,80
Primary Mach Number 0.78 0.44
Primary Velocity - fps 910 507
Secondary Airflow - lb/sec 0.45 0.15
Bypass Ratio 1.0 0,20
Area Ratio - As/Ap 3.5 0.84
Rotor Exit Pressure - psia 22.22 16,22
Rotor Inlet Pressure (Secondary

Supply Pressure) -~ psia 13,98 13,98
Rotor Pressure Ratio 1.59 1,16

For purposes of computing rotor power requirements (Tables 1 and 2), a
rotor adiabatic efficiency of 70 percent was assumed in both cases,

By eiffecting a trade-off in power input and bypass ratio, system D1B
would not exhibit the rotor durability characteristics of the high-bypass
design of System DA, However, in terms of cost, volume, and weight,
the DIB design is more favorable. In considering other comparative
criteria such as reliability, system faiiure impact, technical risk, main-
tainability, on/off and all-weather capabilities, and noise level, both
designs are very similar.

Additional comraents pertinent to the comparison of the self-bypassing
designs to other concepts are given under "Rating Technique and Concept
Selection", later in this report.

SYSTEM D2 - EXTERNALLY BYPASSED SYSTEM {PROTECTED FAN) I

This design is the first of two concepts (D2 and D3) which require a com-
bination of mechanical drive input and compressor discharge air. A
preliminary design is shown in Figure 11, The design is similar to -
systems DIA and D1B, excapt that the compressor diacharga air is used TR
to power three ejectors, which motivate the bypass air,




TABLE 2.

PERFORMANCE CHARACTERISTICS - SYSTEM DIB

A At i o el i

e ———————

Total Inlet Flow
Inlet Total Pressure

Inlet Total Temperature
Bypass Flow

Rotor Flow

Bypass Ratio

Rotor Pressure Ratio
Engine Power Loss
Rotor Speed

Ejector Primary Pressure

om—

C.9 1b/aec
-20 in, HZO
(13,98 psia)
518, 7°R
0,15 1b/sec
0.75 1b/sec
0.20

1.16

1.1%
50,000 rpm
15,80 psia
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The system flow characteristics for this design are based upon existing
engine separator technology. Consequently, technical risk is low in
that components of known performance are used. On that “hasis, it has
been demonstrated that 90-percent sand separation efficiency can be
achieved in an inertial bypass separator using 15-percent of the total
flow as bypass air. Further, the inherent segregation of primary and
bypass air in this type of design provides a relatively clean air exhaust
which may be applied for various cooling purposes,

Power requirements for this type of system will be somewhat higher
than the "self-bypassing'' designs since engine air bleed is utilized.
(Refer to Table 3.)

Although a reasonably high sand separation efficiency is attainable,
durability would be compromised. If 90-percent efficiency is assumed
for both engine separator and scavenge system, then for a given quantity
of sand ingested by the engine, 10 percent will reach the compressor,

9 percent will pass through the scavenge rotor, and 81 percent will be
discharged through the ejectors, (Refer to Figure 2.) However, the con-
centration of sand to air is six times higher at the scavenge pump than

at the engine compressor for the specific airflows involved; in order

for the relative concentrations to be equal, a 98-percent efficiency
would be required in the scavenge system, Higher separation efficiencies
could also be achieved in the "externally bypassed" system by increasing
the bypass ratio analogous to the D1B versus D1A "self-bypassing"
designs., Improvements in durability could be attained, but at substantial
engine power penalties since the bleed rute must be increased,

The ejectors which are used to pump the overboard bypass air are scaled
from the single-tube ejector design discussed subsequently under System
sl.

Principal advantages offered by this design approach are clean air ex-
haust availability, moderate power requirements for low rates of bypass,
and low techaical risk, Durability, however, i8 compromised due to the
low bypass ratio, Since in effect, two independent subsystems are
present. reliability must be judged as lowe~ than the self-bypassing
designs, and markedly lower than the simplistic designs which utilize
ejectors alone, (Refer also to '"Rating Technique and Concept Selection™.)

SYSTEM D3 - VORTEX-TUBE ASSEMBLY

This concept, shown in Figure 12, can be designed to mate directly to
any specified annular engine particie separator. An annular arrange-
ment of vortex tubes is used to separate out the contaminants , which are
then collected and discharged by three ejectors, while the clean air is
exhausted by means of a conventional blewer,
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TABLE 3,

PERFORMANCE CHARACTERISTICS - SYSTEM D2

Total Inlet Flow

Inlet Total Pressure

Bypass Flow

Rotor Flow

Bypass Ratio

Rotor Fressure Ratio
Engine Power Loss

Rotor Speed

Bleed Rate

Ejector Primary Pressure

Ejector Primary Temperature

0.9 1b/sec
«20 in, HzO
(13.98 psia)
0,15 1b/sec
0.75 lb/sec
0.20

1,10

2.7%
50,0C9 rpm
0. 6%

184 psia
1210°R
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The individual vortex tubes are 1-1/2 inches in diameter by 4 inches in
length, At a total inflow of 0.9 1b/sec (760 cfm at 13,98 psia), 26 tubes
are requirad, with a resulting pressure loss of 8 inches of water, Mini-
mum requirements for the clean air scavenge blower would be 0.8 Ib/sec
(675cfm) punping capacity, at a headrise of 28 in, H,O,

System drive power requirements are comparable to Configuration D2.
(Refer to Table 4.' In relation to all other systems, esngine power pen-
alty is intermediate. Since all components in this system utilize exist-
ing technology, little tech~ '~al risk is involved. As with System D2,
clean air exhaust is als silable for cooling purposes.

One disadvantage to this system lies in all-weather operation, Materials

used in the fabrication of vortex tubes preclude the possibility of anti-
icing,

SYSTEMS S1A AND S1B « SINGLE«TUBE/MULTIPLE ~ TUBE EJECTOR
ASSEMBLY

This concept (the first or two designs which are solely engine-flow
powered;} utilizes a single-tube, supersonic ejector of high bypass ratio,
or an equivalent multiple-tube assembly, in order to provide the required
separator scavenge flow rate. Preiiminary mechanical designs for this

configuration are shown in Figures 13 and 14, and the performance
characteristics appear .n Table 5,

Based on the fundamental simplicity of the ejector concept, many advan-

tages are offered ,among which are low cost and weight, high reliability

and durability, inherent on/off capability, and minimal ncise addition
to the engine,

Its disadvautages stem from the relatively high rate of bleed required,
resulting in high power penalty and, in the event of failure, potentially
significant effect upon the compressor operating point., Maintainability
is considered to be low with respect to other systems, since (excsapting

the primary nozzle) rapairs will require virtual repiacement of the entire
unit,

The aerodynamic studies of the ajector followed the same general
sequence as described earlier under tha DIA and D1B designs. The
primary nozzle is axisyrmumetric and is designed for an exit Mach number
of 2.533, Choice of Mach number was based upon achieving slightly under-
expanded conditions at the nozzle exit; that is, a slightly higher primary
nozzle static pressure relative to the pressure within the secondary
nozzle. Under these conditions, rnaximum primary velocity is sustained,
Higher Mach numbers, by comparison, could cause shock waves to be
proesent within the system, resulting in a reduced secondary flow.
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TABLE 4, PERFORMANCE CHARACTERISTICS - SYSTEM D3

e

Total Inlet Flow

Inlet Total Pressure

Vortex Tube Scavenye Flow
Rotor Flow

Rotor Pressure Ra‘ic
Engine Power Loss

Rotor Speed

Bleed Rate

Ejector Primary Pressure

Ejector Primary Temperature

0,9 lb/eec
-20 in, HZO
(13.98 psia)
9.1 1b/sec
0.8 1b/sec
1. 10 1b/sec
2.4%
50,000 rpm
0.5%

184 psia
1210°R
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TABLE 5.

PERFORMANCE CHARACTERISTICS - SYSTEM Sl

———————
s

Secondary Flow Rate

Secondary Supply Pressure

Priznary Flow Rate
Engine Power Loss

Bleed

Primary Supply Pressure

Primary Supply Temperature

0.9 lb/sec
-20 in, HZO
(13,98 psia)
0,1 1b/sec
6.4 %
2.0%

184 psia
1210°R
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Analysis of the ejector indicated that for the available supply conditions;
the optimum mixing-tube length is approximately six times the hydraulic
diameter. In summary, the following key parameters resulted from the
system study:

Primaiy Airflow - 1b/sec 0.1
Primary Total Pressure - psia {Given) 184
Primary Total Temperature ~ °R (Given) 1210,
Primary Nozzle Exit Mach Number 2,33
Primary Nozzle Exit Velocity - fps 2775,
Secondary-to-Primary Air Ratio - ASIA.p 109
Secondary Airflow - lb/sec 0.9
Entrainment Ratio 9.0:1
Mixing Tube L/Dyy 6.0
Diffuser Area Ratio 3.5
Diffuser Recovery - (One Splitter) 0.75
Diffuser Exit Velocity - fps 160.

In Figure 15, the secondary flow pumped by the ejector is shown as a
function of percentage of bleed. For a given percentage of bleed, an in-
fluence coefficient for determining engine power decrement is obtained
from the data given in Figure 16,

After the aerodynami=: design is established for the single-tube ejector,
an equivalent multiple-tube design is obtained by directly scaling the
primary and secondary airflows, maintaining the same area ratios, and
the mixing tube length to the hydraulic diameter,

As the number of tubes is increased, the liniting criterion becames the
throat diameter of the primary nozzle. If this minimum diameter is

set at 0,060 in,, then 12 tubes would be the maximum. Figure 17 shows
a relatiorship between nczzle throat diameter and number of tubes, for
fixed primary pressure ..« 1 flow rate.

Relative to the single-tube unit, the multiple-tube assembly offere a

high degree of flexibility in that any number of compact, packaging arra.,« -

ments are possible,
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SYSTEM S2 - ENGINE TAILPIPE EDUCTOR

Utilization of an engine exhaust driven ejector, as thown in Figure 18,
offers considerable advantages in terms of reliability, durability, low
technical risk, and noise level addition to the engine.

In ganeral, this type of system is best applicable where headrise require-
ments are low, Since the scavenge unit under consideration must pump
against a minimum of 20 in. H,O headrise, the required power turbine
exit pressure results in high power penalty to the engine. (Refer to
Table 6.)

The power loss in Table 6 is based upon the percentage difference between
power turbine exit total pressure, and the ambient air static pressure.
The net figure is more realistic in that it represents the additional loss
which the eductor would cause, over and above a ''standard" engine
equipped with a diffuser having 3-percent (typically) total pressure loss,

Summarizing the design point parameters for the eductor:

Primary Gas Flow Rate - lb/sec 5.06
Primary Total Pressure - psia 15,958
Primary Total Temperature - °R 1550,
Primary Mach Number 0.48
Primary Velocity - fps 904.
Secondary Airflow - lb/sec 0.9

Secondary-to-Primary Area Ratio - Ag/ Ap  0.49

Mixing Tube L/Dyy 2.5
Diffuser Area Ratio 3.6
Diffuser Recovery 0.73

Although the overall length of the system was minimized by addition of
splitters to the diffuser and by optimizing the mixing tube length, the
engine envelope is still increasec on the order of 100 percent if the
eductor is treated as part of the engine, rather than a given installation,

Other significant disadvantages to this approach appear in cost (material
and fabrication), weight, and poor maintainability.

- " .
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TABLE 6. PERFORMANCE CHARACTERISTICS - SYSTEM S2

Secondary Flow Rate

Secondary Supply Pressure

Primary Flow Rate
Engine Power Loss
Primary Supply Pressure

Primary Supply Temperature

0.9 lb/sec

-25 in, HZO
(13,80 psia)
5,06 lb/sec
8.2% (5.2% Net)
15,95 psia

1558°R

46

AP LMD G e 00 oot




P R Y L S R P IO

TR ERRARIERPR 20 0 it @y o

b

t

i

&

MECHANICAL DESIGN -~ SYSTEMS {N GENERAL

The types of components comr.on to all mechanically driven systems are
summarized below, with cc.aments as to materials, and proposed
methods of fabrication:

COMPONENT METHOD OF FABRICATION
1, Inlet Duc.ing Formed sheet metal; flow~

path defined by inner and
outer shrouds,

2. Rotor Investment casting

3. Support Housings Investment casting

4. Drive Elements Machined

5. Exhaust Diffusers Seam~welded tubing, brazed

support struts; splitters
treated with tungsten car-
bide wear coating,

For the static systems:

COMPONENT METHOD OF FABRICATION
1, Ejector Primary Nozzle EDM internal nozzle con-
tour; externally hard-coatad.
2. Ejector Secondary Nozzle Seam welded, formed sheet
metal tubing,
3. Mixing Tube Seam welded, formed sheet
metal tubing,

In general, consideration has been given, «where possible,to the removal
of structural members fror: the flow path, or to structuring them such
that wear has little or no iil effect upon integrity or flow efficiency.

INTEGRATION/INSTALLATION CONSIDERA TIONS

Figurc 19 shows the approximate envelope requirements for the six
systems under investigation. All systems, except D3, which will mate
directly to an annular separator exhaust, require transition ducting from
the separator to the scavenge pump inlet,

For the concept study, mechanically driven systems or subsystems are
engine oil lubricated, bevel gear driven, and configured with an axial
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inlet and exhaust, At installation, each cf these units is located approx-
imately at mid-engine, and is driven by il:e ga3 generator shaft through
an accessories gearbox. As an alternative, a geared mechanical drive
from ths engine output shaft is also possible,

On-off capability is inherent in the bleed-air powered designs, with the
addition of a valve i~ the supply line, Decoupler or clutches for the
mechanically driven systems were nominally considered, but were
determined to be beyond the scope of the basic investigation,

System failure modes were examined for their potential effect upon
mission campletion, Generally, dynamic systems would be designed to
contain failures, and would employ a shear section in the input shaft
system, Bleed-powered systems autamatically beco » inonerativ>
when the supply in interrupted. Camposite systems -.: 1lq srovide same
eng’ _ contaminant protection as long as the dynamis < = .ponent remains
operative, Therefore, scavenge system failures a-: ~ct anticipated to
affect mission caompletion, but would potentially ex; ..e the engine to
high erosion,

Comparative data on volume and weight for all systems is given in
Figures 20 and 21, with specific numerical data given in Table 7.
Clearly, the tailpipe eductor (S2) incurs substantial penalties in these
two criteria, while most remaining systems are generally comparable,

Engine power penalties are compared in Figure 22, As is indicated,
the engine-flow powered systems are highest in power requirements,
and the purely mechanically driven systems require the least.

Finally, the cost data (showr in Figure 23 and Table 8) were not based

on ary rigorous analysis owing to the preliminary nature of the designs;
thus the data ~resented are estimates only.
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TABLE 8. ESTIMATED COST DATA (1974 DOLLARS)

sttem
DIA

D1B
D2
D3
S1A
S1B
S2

_Unit Sost#
$1G60
$ 945
$1200
$1220
$ 290
$ 630

$1160

*Tooling Costs Prorated over 500 Units
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RATING TECHNIQUE AND CONCEPT SELECTION

In Task I, aercdynamic and mechanical studies were conducted on six
scavenge systems conczpts. Additionally, integration studies addressed
syctem weight, effect upon engine envelope, cost, weight, method of
power extraction, power regquired, effect of system failure on the engine,
and potential usage of the exhaust air, The data generated from these
studies was used tc furnish input for selection of two concepts, on the
basis of the following factors: . ngine power penalty, reliability, vol-
ume, durability, system failure impact, technical risk, maintainability,
weight, on/off capability, all-weather capzbility, cost, noise level, and
surge impact,

Weighting factors for each of the preceding categories ware arrived at
by using a binary technique of forced decisions, which is described in
detail in Reference 1, According to this method, each category ie com-
pared individually to all other categories, and is judged on the basis of
relative importance. For each positive decision that is made (e. g.,
cost versua weight, etc.), a one is assigned, If a decision is negative
as to relative importance, then a zero is assigned, The weighting given
to each rating category is then the sum of the number of positive de-
cisions made, A sunmary of the resulling rating factor weight values
is listed in Table 9,

The individual concepts were then evaluated with respect to each other

in each of the above categories, using the same binzry method of

torced decision. The resulting concept evaination rankings (numerically,
a digit from 0 to 6, with the six denoting highest, or most fa.\."orable
ranking within a category) were then multiplied by the weighting values to
obtoin a mathematical ranking of the separator ccncepts. In any
instances where two (or more) designs are considered as ranking

equally in a given category, then tiee are permitted, and decimal val.ues
result. For example, if two designs are ranked highest, but equal, in

a given caiegory, then a value of 5.5 is assigned to each, as opposed to
arbitrarily assigning 5" to one design, and "6'" to the other, The
results of the rating system are summarized in Table 10.

Prior to discussing these results, it should be emphasized that the
rating system used does not provide an indication of the rziative degree
*» which one system is better, or worse thaa another, Thus, judgement
must be exercised in detéermining whether or not any overricing factors
are present which would alter the conclusions so indicated,

1. Fasal, J,, FORCED DECISIONS FOR VALUE, Product Engineering,
12 April 1965
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As an example, fram Table 10 the tailpipe eductor (System S2} is
ranked last in point score under the '"volume' (impact or engine envelope)
category, But regardless of the total point score achieved by ; .is de-
sign on the merits of other considerations, the concept could not be re-
cammended based singularly on the fact that the eductor virtually doubles
the length of the engine,

TABLE 9. RATING FACTOR WEIGHT VALUES

Number _Factor Weight
1 Engine Power Penalty 12
2 Reliability 11
3 Volume 10
4 Durability 9
5 System Failure Impact 8
6 Technical Risk 7
7 Maintainability 6
8 Weight 4
9 On/Off Capability 4

10 All-Weather Capability 3

11 Cost 2

12 Noise Level 2

13 Surgs Impact 0
57
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Another drawback to the system lies in the fact that it is, at least to
some extent, dependent upon opinion. This is particularly true iz
deciding the relative weights to be assigned to each rating factor.

Recognizing the preceding qualifiers, the rating system still establishes
certain well-defined boundaries in assessing the relative merits of all
systems concerned, A qualitative discussion of the results, by individual
category, is given below.

Engine Power Penalty - (Weighting Factor = 12)

The power requirements for each system are well-known, and thus the
ranking order is established, As indicated earlier in this report, the
self-bypassing dosigns with only mechanical drive input require the

least power. At the other extreme are the engine flow-powered systems,
The composite designs receive intermediate scores,

Reliat ., -(Weighting Factor = 11)

Relative merit is judged on the basis of fundamental system simplicity,
or complexity and upon the number of ''subsystems'' present. The
engine-flow systems (Sl and S2) are ranked highest, while the composite
designs would be considered least favorable, based upon the quantity of
independent components which comprise the system.

z Volume - (Weighting Factor = 10)

Under this category, the general impact upon engine envelope is con-
ceidered, Specific data is available for each design (Table 7), and thus
a ranking order is established., The self-bypassing designs (D1A and
DI1B) are the most compact and require the iezst modification to the
engine envelope. {Refer also to Installation Drawing, Figure 18,)

Durability - (Wsighting Factor = 9}

Assessment of durability is made on a relative, rather than on an ab-
solute basis, since the minimum design goal for all systems is to sat-
isfy a 50-hour military sand ingestion test, with no more than a 10-
percent degradation in flow,

On a relative basis, the general considerations from which rankings
were evolved are the degree of protsction afforded to the rotor as
determined by the bypass ratic, or the sand separation efficiency of
the unit, Thur =mmong the dynamic systems, DIA is raunked highast
(nsgp= < 99+), 1ollowod by D3 (.= 0.93), DIB (ngpp™=.90j, and
D2 ("SEP=‘ 90), Additional considerations taken into account are

- whether or not the system contains any other key wear points such as

diffuser splitters, or ejector secondary flow nozzles,

s
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System Failure Impact - (Weighting Factor = 8)

Other than the loss of all, or part of scavenging capability, the factors
which have been considered are debris scatter, intluence upon the engine
operating point, and potential for backflow into the engine separator,

The last item is a problem common to all systems, and its solution

will be addressed in the detailed design phase to follow., On the question
of potential for debris scatter, it is assumed that all dynamic systems
will be designed so as to contain a rotor failure. Thus, the remaining
criterion becomes the extent to which the engine operating point is
shifted, as a result of scavenge pump failure. The sole exception to

this is the tailpipe eductor; it is ranked last because of its potential for
debris scatter in the event of failure, although that possibility is rather
rem.ote, The remaining designs are then ranked according to the amount
of compressor bleed which is required; none for the self-bypassing
systems (ranked highest), intermediate for the camposite designs, highest
bleed rate for the ejectors {ranked lowest),

Technical Risk - (Weighting Factor = 7}

Under this category, a particular design is rated according to the extent
that existing technology (or components of known performance) is
employed. The composite designs (D2 and D3) are either patterned after

existing engine separators:or utilize commercially available components
with well-defined performance characteristics. Hence, these designs
pose minimal technical risk, Likewise the eductor concept is widely
applied, although most effectively where secondary flow losses are low.
Clearly, the self-bypassing designs are the most innovative of all con-
cepts considered, and as such represent the highest risk, Specific
examples of risk elements were discussed under "Concept Feasibility
Studies'’, D1lA and D1B designs,

Maintainability - (Weighting Factor = 6)

Maintainability is gaged in terms of relative ease, or difficuity incurred
in replacement of major systems components, Sysiems D1A and DIB
are designed for ready access to rotors in the event of raquired replace-
ment, At the other extrer » the ejector designs are essentially integral
units, and maintenance ii..pi1:¢3 replacement of the entire unit.

Weight - (Weighting Factor = 4)
Self explanatory - ranking is based upon data in Table 7.
Cn/Off Capability - (Weighting Factor = 4)

Relative merit is assigned on the basis of the degrec of difficulty in
providing this feature to sach design. In descending order, the ejector
designs {S1A and S1B) require only a modulating valve, The self-bypass-
ing designs (D1A and D1B) require mechanical decoupling, whi the com-
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posite designs require both of the preceding devices. Finally, the
tailpipe eductor (S2) would require variable geometry in a high-tsinper-
ature, erosive environment in order to be efficient in both modes of
operation,

All-Weather Capability - (Weighting Factor = 3)

Ejector designs are only subject to icing upstream of the secondary flow
nozzles, Self-bypassing designs are subject to inlet icing and potential
shedding, but the inertial bypass feature should afford adequate rotor
protection, Least desirable, from an icing viewpoint, is the vortax-
tube assembly (D3).

Cost - (Weighting Factor =2)
Self-explanatory ~ ranking is based upon data in Table 8 and Figure 23,

Noise Level ~ (Weighting Factor =2)

All systems are designed for low discharge velocities, on the order of
150 fps, thereby eliminating jet noise as a factor. Minimum noise
addition would be expected in the eductor design; noise associated with
the supersonic jets present in several of the ejector designe tends to be
highly directional, and also ronsiderably attenuated due to immersion in
a lower velocity surrounding fluid, In general, dynamic systems are
least favored in this category, depending upon blade passing frequencies
and rotor-to-stator axial clearances. Rotor designs would require a
minimum of 14 blades in order to produce passing frequencies in excess
of the audible range at 50,000 rpm.

With reference again to Table 10, the self-bypassing designs (D1A and
D1B) are secn to be the best overall choice, based upon ail of the pre-
ceding criteria, Within this concapt, the recognizable trade-cffs in-
volve durability versus power, compactness and cost,

The second choice, resulting largely from inherent simplicity is the
ejector concept (Systems SlA and S1B), Ir consideriag these two
systems, the latter (multiple-tube assembly) affords a high degree of
flexibility in terms of potential packaging arrangements, and is thus
recommended over the single-tube unit,

FEASIBILITY STUDY CONCLUSION

On the vasis of the Task I feasibilitv study, the "gelf-bypasaing' con-
cept was selected as the primary scavenge system for subsequant detail
design, procurement, and evaiuation. Optimization of this design, with
respact to type of rotor, pressure ratio, bypass ratio, separation
efficiency, power input, atc., was accomplished in the Task II phase of
the program.

fhe zlternate sysiem, selected for critical component design and avalu-
ation is the Multiple-Tube Ejactor, System SlB.
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OFTIMIZATION OF THE BYPASSING DESIGN CONCEPT (TASX 1I)

GENERAL

At the conclusion of th2 feasipility study, the bypassing blower was
selected as the dynamic system approach to an advanced scavenging
means for a gas turbine engine intcgral particle separator. Since there
is considerable latitude of choice as to how this type of blower may be
configured for a given application, it is the purpose of this section to
consider those factors which influence design parameters and then to
select a configuration which is optimum for the given program goals,

Two variations of the bypassing design were presented earlier,

and these were designated as configurations D1A and D1B, These cases
may be considered as extremes since the first (D1A) uses 2 very high
rate of bypass (100%) in order to achieve rotor durability via high inlet
separation efficiency, Accordingly, input power required is also high,
In contrast, Configuration D1B uges much less bypass air, would
achieve more modest levels of rotor protection, but requires substanti-
ally less (approximately 50-percent) drive power.

The power versus durability aspects of these designs were weighed in
detail, including other relevant factors such as type of rotor, inlet
blade speed, choice of material, etc.

COMPARISON Of DJA AND D1B IN TERMS OF EJECTOR

CHARACTERISTICS

Configurations D1A and D1B are compared on the basis of their com-
ponent performance in Figure 24, This figure illustrates a series of
operating lines for an ejector/diffuser combination, exhausting to
standard day ambient conditions, Each operating line pertains to a
specific geometry which relates the primary flow area of the ejector

to the mixing tube area. Parameters that have been held constant in
this computation {mixing tube nondimensional length, diffuser efficiency,
primary nozzle temperature, sccondary supply pressure, and friction
factor) were assigned values as listed in Figure 24,

Superimposed on the ejector performance map are the two specific
design points considered. The two designs differ considerably in terms
of the requireu primary pressure (i.e., level of rotor outpuvt), the flow
ratios delivered, and the relative sizing of the primary and secondary
flow arcas, For an inlet pressure of 13,98 psia (-20 in, HZO). the
required stage pressure ratios are:

DlA DI1B
Py PRI
Stage Pressurec Ratio = 2 ZRIM 1,48 1,13
Pon
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Deducting prenssure losses across turning vanes (Figures 3 and 10) con-
sistent with the respective flow Mach numbers:

D1A, D},B
Rotor Pressure Ratio = Pr ot 1.59 1.16

For an assumed rotor polytropic efficiency of 0,70 in each case, and
with a total flow of 0.9 1b/sec, * the input power requirements are:

DIlA DIiB
Rotor Power = HP 16,1 HP 8.2 HP

ROT

Thus, the computed power requirements are different, in this instance,
by a factor of two. (Figure 4 also summarizes this conclusiorn.)

Since the drive powe: i. a direct function of bypass ratio, once a total
airflow has been specified it becomes critical to choose a minimum
level of bypass that is consistent with a desired inlet separation
efficiency. In turn, the separation efficiency must afford the required
rotor durability.

CLASSIFICATION OF DA AND D1B ACCORDING TO SP=CIF"C SPEED

In determining a design point on Figure 24, it is necessary to consider
the general class of rotor which will be required to deliver specific con-
ditions at the ejector primary nozzle. A prime factor in determining
the rate of wear of the rotor will be the inlet blade speed, which (from
an ercsion viewpoint) should be kept as low as practical,

Given a total pressure ratio (isentrcopic hcadrise) and a flow rate to be
delivered (vclumetric flow rate), then for a particular design rotational
speed, the specific speed Ngmay be used to classify the type of rotor
required:

N, = _NJO
¢ .75
(Ahy)

*NOTE: Wpor = WROT-’(.‘\ - B5) where B, is found on Figure 4, and W
is the fraction of the total used to calculate power,
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Where N is the design rpm = £0, 008 rpm

ft3/sec
cJT
P

Q is the volume flow rate

.286 _))

f 4
Ah, is the ideal head o IN (Pr ROT

The units for ideal head are ft lbg/lbm

In Figure 25, the DIA an- DIB design points are superimposed on a plot
of specific speed versus volumetric flow rate., As iadicated, Confijur-
ation D1A would be a centritugal design, while an axial rotor could be
used for Configuration D1B, Of the classes of rotors, an axial rotor

is least favorable from the viewpoint of required blade speed. Figure
26 shows the mean blade speeds for an axial design as a function of

total pressure ratio based upon an assumzd efficiency of 0.70. {The
low efficiency level reflects an "aftur wear'' state of the rotor.) Depend=®
ing on the inlet meridional velocity, mean blade speeds of 600 to 800 fps
are required (Configuration - D1B) to achieve a 1,16:1 total pressure
ratio, If a blade speed of 500 fps is taken as a preferred maximum,
then axial rotors could only be used in bypassing designs where the

total pressure ratio required is about 1,10; in terms wf bypass ratio,
this would result in 8, = 8%,

Further comments on the effect of blade speed on erosion appear later
in this section,

CRITERIA FOR INLET SEPARATION EFFICIENCY ( 1)

Determination of the bypass ratio necessitates an estimate of the blowar
irlet requirements for separation efficiency, The basic criterion for
establishing an inlet separation efficiency was to fix the maximum
quantity of sand to be ingested by the rotor in a 50-hour operating period,
in conjunction with given airflow characteristics for an associated engine
and particle separator. That maximum quantity has been set at 5.0
pounds sand for 50 hours of operation with a 5,0"lb/sec engine whose
particle separator requires 18 percent scavenge, at an efficiency of
0.95 for MIL-E-5007C sand, Sand-to-air concentration at the eagine
separa:or inlet is 1,5 mg/ft°. In this instance, the choice of 5 pounds
as a limit is based upon previvus experience with a scavenge blower of
‘conventional' design where the effect upon performance of a given
quantity of sand ingestion was known. From the preceding data, the
required inlet separation efficiency iz found to be 88,4 percent by
weight, for 80 hours of operation with "'C' Spec sand, in order that the
rotor ingest no more than 5.0 pounds of sand,
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BLADE SPEED INFLUENCE ON INLET EFFICIENTY REQUIREMENTS

Suppese that we next consider the extent to which the first estimate of
7, is modified if we introduce another variable, namely blade speed.

o do this, redefine the maximum qguantity of sand to be ingested by the
r tor as being a function of the blade speed level, usiag 500 fps as a
reference datum. If X denotes the maximum quantity of gand to be
ingested by the rotor over a 50-hour period,

X = S.OI'Fl

Where F, is a factor that describes the variation : wear rate as a
function of blade speed. I F; = 1,0 is taken at a datum of 500 ips,
then at 809 fps, Fi = 2.7 (Reference 2). This increase in wear rate is
quite siguificant in terms of efiect upon blower inlet separation effici-~
ency., From Figure 27,7, is increased to 0,957 for 50 hours of oper-
ation, where the rotcs may now only ingest (5,0/¥)) pounds of sand.

MATERIALS INFLUENCE ON INLET SEPARATION EFFICIENCY

A similar analysis may be made for various materials as was done for
blade speed, by incorporating a second factor, F., which describes
wear rate relative to 2 selected datum material, "The amount of send
ingested by the rotor then becomes

X = 5,0
FI 7y
IF, = 1.0 for AL 2024, then typical values for other materials in-

clede 0.70 for titanium and 0,42 for stainiess steel. By analogy to
Figure 27, the use of both of these factors yields a range of inlet
separation eificiencies of 0,725 to 0,957 for 50 hours of operation,
depending upon maierial and blade epeed,

2, MECHANISM OF SAND AND DUST EROSION IN GAS TURBINS
EMGINES, Solar Div,, Interrational Harvester Co., USAAVLABS
Technical Report 70-36, Eustis Directorate, U, S, Army Air
Mobility Research and Development Laboratorv, Fort Eustis,
Virginia, August 1970, AD 876584,




TIME - at - HOURS

RUNMNING

500.01— F1: RELATIVE WEAR
rACTOR FOR
BLADE SPEED

200.0b- TIME REQUIRED TO INGEST
e A FIXED QUANTITY OF SAND

(x = 5.0/;1) AS A FUNCTIGN
OF INLET SEPARATION EFFICIENCY
100.0+

50 0 — — 50 HR DESIGN
REQUIREMENT

SYMBOL  VELOCITY F,

o 500 FPS 1.
® 800 FPS

————" —

ra—tre

10.¢C

INLET SEPARATION EFFICIENCY - nyp - %

Figure 27. 3eparation Efficiency Versus Cperating Time
for 5. OIE‘E Pounds Sand Ingested by the Rutor.
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In summary, an inlet separation efficiency of about 72 percent would
afford adequate protection to a stainless steel rotor, if the blade speed is
on the order of 500 fps, Fran the assumed criteria, the equivalent
amount of sand ingested vy the rotor over 50 hours vrould be:

X = 5,0 = 11,901b sand @ n, =0,72
T,

The value of 0,72 for 7, should be readily attainable from the inlet
inertial separator, and Tequirements for bypass ratio are not excessively
high. The restriction on blede speed will necessitate a mixed flow design,
since an axial design limitzd to U = 500 fps will produce insufficient
output for all but the lowest bypass ratios ( B 2 <8%).

DETERMINATION OF BYPASS RATIO

Based on previous in-house experience in the design of inertial particle
separators, the minimum inlet efficiency goal of 13 = 0.72 should be
attainable with a bypass rate of 10 percent ( B, = 0.10).* To fix a de-
sizn pcint on the ejector map (Figure 24}, it ié necessary to consider
performar.ce decay, as a result of erosion. Since a fraction of the
total flow extracted by the blower is due to bypass air which is in turn
pumped by the primary flow, some allowance must be made for de~
terioration in rotor airflow and headrise due to erosion damage. The
10-percent bypass after 50 hours of operation was salected as the

objective,

If a 5-percent allowance (current practice is typically 8 to 10 percent) is
made for ioss of rotor airflow, then

wTOT = 0,90 lb/sec (with no marginj
Rl =,818 1b/ ith in)
WRCT *TF Bz =, sec (with no margin
(W ) = 1,05 (W ) =0.860 lb/sec
ROT ROT
RES

In Figure 28, an ejector operating characteristic (extracted from
Figure 24) is shown for a value of a= 0,6, where 2= AprRIM/AMIX
specifies the ejector geometry, If a 5-percent allowance is made for
decrease in primary pressure .Jue tc erosion, thea to arrive at a 10-
percent bypass after 50 hours, an initial value of 8= 25% is required.

¥ Using MIL-E-5007C sand, 20{u mean particle diameter,
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TOTDES

) (W )

TOThEs OTDES
Includes 5%
margin for
flow

(W = 1,075 ib/sec

SUMMARY OF OVERALL DESIGN PARAMETERS

Total Airfiow
Rotor Airflow
Bypass Ratic

Dypass Airflow

Rotational Speed
Rotor Type
Rotor Material

Inlet Blade Speed

Inlet Total Pressure

Inlet Total Temperaiure

- W

- w

]

TOT

ROT
- WaYp ‘Wror B

:Minimum Inlet Separator Efficiency -7,

Taking the flow and pressure margins together will determine what the
initial (or design) total airflow must be:

Includes 5%

in pressure

Based on the preceding analysis, the follecwing is a summary of key
paramsters that form the basis for detailed asrodynamic and mechanical
desig: of the primary system, designated as System Dl:

1.075 1b/sec

.86 lb/sec

o 25

Total Sand to Blower

- Woavp = ,2151b/sec
- P, IN = 13,98 psia
- Ty N 518,1 °R
- N 50,000 rpm
- Mixed flow
- Stainless steel
- Umean 500 fps
0.72
- 5C hours 43.31b

!
{ Maximum Sand Ingested by Roter - X

11.9 1b

Total Airflow

Bypase Ratio

After 50 hours of operation, minimum dasign goals are

- w

TOT

0.90 lb/sec

0.10
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AERODYNAMIC DESIGN - SYSTEM DI

GENERAL

In this section, the details of the aerodynamic design of the bypassing
blower, designated as system D1, are presented, The overall de-
sign was approached or a component basis, according to the following
sequence:

1. Detailed design of the annular ejector and diffuser, including
refinements for inlet total pressure loss, mixing tube length,
strut blockages, and ejertor splitter thickness,

The required pressure ratio to be delivered across the rotor/
vane stage evolves from this phase of the design,

2, One-dimensional analysis of the rotor/turning vanes inter-
facing with the ejector,

3. Potential flow analysis of the inl:t separator.

From items 1 through 3 above, with intervening iterations as raquired,
the aerodynamic flow path of the entire blower is evolved,

4. A detailed particle trajectery analysis of the inlet separator
to determine the separation efficiency in relation to the
previously established minimum efficiency goal,

5. Impeller internal flow analysis to ascertain acceptable
diffusion rates consistent with available separation criteria.

6. Turning vane aerodynamic design/cascade analysis.

7. Translation of r,§, z impeller coordinates into blading
manufacturing cross sections,

EJECTOR/DIFFUSER THERMODYNAMIC DESIGN

The general method of approach which has been used in sjector design
is to specify a particular geometry and primary airflow, followed by
application of the conservation equations to determine the amount of
bypass (secondary) {low induced, and the required level of primary
pressure, Examples of this computation, carried out for several
different geometries, were shown in Figure 24,

In Figure 28, the required primary nozzle total pressure for a 25-per-
cent bypass ratio was shown; two parameters however, which are in-
dicated as fixed, namely mixing tube nondimensional length (L/ DM ¥
3.0) and secondary nozzle supply pressure (Po)SEC = 20 in, H, 0},
warrant further consideration,

—— o p
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The -20 in, H,O value has been fixed as the tutal pressure at the blower
inlet flange; piior to this time, that pressure has been presumed con-
stant through the bypass channel up to the ejector secondary nozzle,
(Refer to Figure 3 for nomenclature,) For final design purposes, this
assumption is unrealistic, and some allowance for total pressure loss
should be incorporated, To assign a more realistic secondary supply
pressure to the ejector, the asswned pressure loss was taken as

5 in, HZO' i,e.,

(PO) SEC = =25 in, HZO, or 13,80 psia,

In general, the secondary flow induced by an ejector will be a function

of the available langth of mixing tube. An "optimum' length is attained

by allowing the static pressure to reach a maximum value, beyond

which frictional effects override and no further improvments result

from an increase i the mixing chamber length, However, this "optimum*
length, depending upon the flow rate and the area ratio of the ejector,

can be up to 6 to 8 times the hydraulic diameter of the mixing tube
(subsonic ejectors), thereby adding considerable length to the overall

unit,

Since the impracticality of fully optimizing the ejector length was re-
cognized, studies were made on the effec. of various mixing tube lengths
that were progressively shorter, and the increase in primary pressure
associated with each was assessed, It was concluded that an (L/DM)
value of 2,0 represented a length consistent with objectives for a maxi-
mum overall length of the blower, yet without the introduction of undue
power penalty, *

Cambining the effects of using a mixing tube whose length is twice the
inlet hydraulic diameter, and a secondary supply pressure of -25 in,
H,O, produced the increase in primary total pressure that is shown in
Figure 29,

The point labled as "A'' in Figure 29 represents the ejector design point
for a 25-percent bypass design, allowing a 5-in, HO inlet loes, and
using a ratio of primary-to-mixing tube area of 0, 6,

By refining the value of primary nozzle total tenperature and by ad-
justing ths value of @ = Apppv/AMIx to include a finite thickness
splitter separating the primary and sscondary channels, the ejector/
diffuser design point parameters were generated (Table 11).

Values of particular tmportance in this table are the t.1l pressure
headrise and the required input drive power.

¥ Preliminary Designs D1A and D1B used an (L/Dy),) = 3.0,
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TABLE 11, EJECTOR/DIFFUSER DESIGN POINT PARA}

JERS

smamnsma

———

Area Ratio (APIAM*)

Flow Ratio

Momentum Correction Factor*
Mixing Tube Nondimensional Length#
D'Arcy Friction Factor*

Diffuser Area Ratio*

Diffuser Efficiency*

Diffuser Actual Recovery

.52

W25
1.13
2.00
012
2.50
0.82
0. 69

Primary Flow Parameters
Flow Rate
Mach Mumber
Total Pressure
Static Pressure
Total Temperature
Effective Flow Area

0.860 1b/sec
562

16,332 psia
13,178 psia
572°R

2.93 in?

Secondary Flow Parameters
FlowR ate
Mach Number
Total Pressure®
Static Pressure
Total Temperature#*
Effactive Flow Area

0.214 1b/sec
.258

13,80 psia
13,178 psia
518, 7T0R
1.95 in?

Mixing Tube Fxit Parameters
Flow Rate
Mach Numnber
Total Pressure
Static Pressure
Total Temperature
Effactive Flow Area

1,074 ib/sec
.351

15,070 psia
13.840 psia
561,4°R
5,63 in3

Diffuser Exit Parameters
Total Pressure

14,884 psia

Ambient Freszure 14,696 psia
Total Temperature 561.4°R
Velocity Heud 5.1 in, HZO
Blower Headrise (Flange to Flange) 25,1 in, H,0
lBlowor Horsepower 15,57 |
* Input Parametars
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EJECTOR/DIFFUSER FLOW-PATH SPECIFICATION

To generate a geometric flow path for the ejector/diffuser section of
the bypassing blower, the zssumption is made that the effective flow
areas (A,, A_) that were determined by analyzing a '"concentric"
ejector may be transformed into equivalent annular areas, as is re-
quired by the basic design concept, once a reference inner wall radius
is specified,

In computing tne physical length of the mixing tube, the hydraulic
diameter term in (L/DM = 2.0) is taken to be that of an annulus, i.e.,
four times the mixing tube channel height, In so doing, the '"‘wetted
perimeter' of the annular ejector is equatad to the concentric analytical
model, and frictional similarity is maintained.

The geometiric tlow area at the primary nozzle is based upon allowing
15% aerodynamic blockage (T, = .85) and area compensation for 20
turning vanes of .032 inch tralling-edge thickness. The thickness of
the splitter separating the primary and secondary channels was ret at
. 060 inch,

Design of an annclar diffuser to exhaust the flow from: the blower is
based upon the empirical data for static pressure recovery (CP,} given
in Reference 3, For a given area ratio diffuser, a nondimensional
length (L /A1) may be selected such that the static pressure rise
through tf-i)e diffuser is maximizad, By placing a conical flow splitter

at the entrance to the diffuser, the inlet channel keight (Ar) is effectively
reduced, and for the same area ratio and recovery, the overal: length

is accordingly shortened,

Figure 30 shows the resulting geometric flow path for the ejector and
diffuser rections of the blower, The four support struts in the ejector
mixing tube are of double circular arc profile, with a 1/8~inck maxi-
mum thickness. Placement of the exhaust diffuser splitter has been
biased somewhat towards the inner flow channel in order to compensate
for change in recovery due to diffuser flow curvature, Empirical

data reiating meanline flow curvature to loss in recovery is given on
pages 590 to 592 of Reference 4,

MEANLINE ANALYSIS OF THE ROTOR AND TURNING VANES

Thermodynamic conditions at the exit from the compressor stage have
been established through the ejector/diffuser design, in conjunction
with preceding considerations on rotor and bypass flow requirements,

3. Sovran, G., FLUID MECHANICS OF INTERNAL FLOW, 1967
pp. 270-319,

4,  Schlicting, H,, BOUNDARY LAYER THEORY, 1968, pp.590-592.
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Ta.blf: 12 sunmarizes the stage performance requirements and the
physical characterisitcs thuc far determined.

In addition fo the performance requirements given in Table 12, the
following general considerations were applied to the rotor design:

TABLE 12. ROTOR AND TURNING VANE DESIGN REQUIREMENTS
Rotor Airflow, Actual - WeoT = 0,86 lb/sec
Blower Inlat Pressure - Bm = 13,98 psia=20in, HzO
Blower Iniet Tempoerature - To N = 518,7°R
Rotor Airflow, Referred - &ROTJ%IN = ,904 lb/sec X
Rotor Inlet Pressure - B = 13,80 psia*=25ln. H,0f
Inlat Frewhirl - ay = 0° i
Design Rotational Speed - 3 /‘J;-IN = 5C,000 rpm
Maximum Inlet Blade Spzed (Goal) - (U’IIF) = 500 fps
Rotor Type - Mixed Flow = - - -
Primary Nozzle Total Pressure - Fp = 16,33 psia
Primary Nozzle Mach Number - Mp = 0.56
Primary Nozzle Effective Area - (A) = 2/93 in’ |

PEFF , i
Primary Nozzle Geometric Ares - (Ap) GEO = 3,836 in- :
Dvimary Nozzla Outer Wall Radius - (ro) P = 2,097 in
Primary Nozzle Inner Wall Radius - (ri)p = 1,800 in i
Primary Nozzle Aerodynamic and
Vane Blockage - == = 20%

- . = P =1,183

Stage Total Pressure Ratio (PrlsTg °P/ B o
Rotor Assumed Polytropic Zfficiency- ("poly)ROT = 0.100
#Assumed inlat pressure diup of 3 ia. H_ O from the blower inlet
plane to the rotor laading-edge plane. z

Al




1. The rotor blading configuration should be as simple as
nossible, with relatively few blades and radially exiting
mearnlines.

2. Blunt, leading edges, with relatively thick blade profiles,
and only modest goals for efficiency and slip factor.

A meanline analysis, from which the meridional flow path is establish-
ed, was conducted by the use of a one-dimensional performance pro-
cedure for a stage consisting of a centrifugal rotor, a vaneless space,
and a diffusing vanre row,

Basic one-dimensional compressible flow relations are used in com-
puting the velocity triangles and the thermodynamic performance; in-
let conditions are specified, along with the rotor and vane geometry,
and the resulting stage performance was calculated.

Conditions at the impelier outlet are calculated by iterating on the

exit meridional velocity, until continuity and work are satisfied, using
input values for rotor efficiency and slip factor, Internal calculations
of the slip factor, based upon the number of olades, and the trailing-
edg> metal angle are also provided for purposes of correlation against
the assumed value, which are used in calrulating the exit :locity
triangle.

Application of the compressor meanline design program was an iterative
procedure that interfaced with mechanical constraints, e.g., a specified
overall length for the rotor/vanes and a minimum permissible rotor
inlet hub radius consistent with bearing and shafting requirements,

The firal velocity triangles and thermodynamic state parameters are
given in Figures 31 and 32 and Tables 13 and i4, Based upon a 70-
percent rotor polytropic efficiency and a slip factor of 0,£, the total
pressure ratio across the rotor is 1,271, at a mean exit radius of
1,450 inches, With vaneless space and vane losses as stated in
Table 14, the overall total pressure ratio for the stage is 1, 19C,

A layout of the rotor and {  ming vane flow path is shown in Figure 33;
overall length from leading edge to the ejector interface plane is 3,00
inches,

INLET SEPARATOR POTENTIAL FLOW ANALYSIS

The specification of the inlet section to System DI requires essentially
the design of an inertial pa_cicle separator. The following design
parameters have thus far been established for the inlet separator:

1, The total flow 3 1,074 lb/sec, with ,214 1b/sec bypassed
(25-percent bypass ratio).
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{1 - r = 1,180 Ii.

8, = 41.5°

S V, = 776.9 FPS

vm =
581.8 FPS

A

U = 514.9 FPS
MEAH - r = ,906 IN.

g, = 34.2°

Y, = 703.4 FPS

\

kY

Vm=
581.8 FPS

U = 395.4 FPS
HUB - r = 0.500 IN.

By 2 20.6°

Y, = 621.3 FPS
Ve =

581.8 FPS!

U=~ 21,.2 FPS

ALIFLOW - Woot * 0.8601b/sec
SPEED - N = 50000 vy

TOT. PRESS - Py = 13,80 nsia
TaT. TEXP, - T, = §18.7 gsia

BLOCKARGE "ACTAR - v - 0.95

Figure 31. Valocity Triangles ut the Impeller Inlet,
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2. The minimu: separation efficiency for MIL-E-5C007C
gand is 0.72,

3. ‘The maximum total pressure loss from inlet plane to
secondary nozzle and fram inlet plane to rotor leading
edge is 1.3 percent or 5 in, H,0.

In addition to the above, an axial length of 3 inches was imposed for
the inlet, which gives an overall unift length of 10 inches; this is con-
sistent with goals established during the earlier feasibility studies,

Of the two key design parameters {namely, separation efficiency and
pressure loss), the latter was considered to be the more stringent
requirernent for the present application, because of the use of an
ejector downstream of the separator. For a fixed bypass ratio, the
power requirements to the blower will increase rapidly as a function
of losses in the primary and secondary channels,

Initially, a constant-diameter outer wall shape was considered,
possibly in conjunction with the use of swirl vanes, at the inlet.
However, in view of the rather modest efficiency goal (v = ,.72), the
use of swirl vanes was not warranted, considering the additional
pressure loss, cost, complexity, and potential for ercsion damage
that would be introduced,

A separator configuration with a constant 0D, or a diverging outer
wall, vould {avor high separation efficiencies due to the large capture
area, but at the expense of increased losses in both the scavenge and.
the core channels,

By an iterative application of rotential flow analysis, followed by
particle trajectory analysis, the bypass channel ''catch area' was
gradually reduced until the flow path shown in Figure 34 was obtained,
The estimated bypass channel total pressure loss for this configuration
is 3 in, HyO, which is within design objectives., A discussion of
trajectory analysis results is given below,

The blunt centerbody shape (Figure 34) was introduced primarily as
a length consideration, accepting the small pressure loss penality
associated with an abrupt inlet contraction, and sane adverse impact

on local separation efficiency for those radii where the wall contour
is steep.

INLET PARTICLE TRAJECTORY ANALYSIS

The purpose of a particle trajectory analysis was to obtain an estimate
of separation efficiency; in this particular instance, 200 u mean particle
diameter MIL-E-50C7C type. sand was used, The analysis required a
knowledge of the fluid properties (velocity and density) at all
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points in the flowfield, the configuration geometry, and the initial con-
ditions, of the sand particles (velocity and position!.

Throughout this analysis, the following assumptions were made:
1. The forces acting on the particles ure due to drag and gravity.

2. For purposes of calculating the drag coefficient, and the wall
rebound characteristics, the particles are assumed to be
spherical in shape,

3. Wall rebounds are treated as semi-elastic collisions with a
constant value of coefficient of restitution, €= 0,5,

Particle diameters ranging from 1y up to 10001 were introduced at
various inlet radii, from 0,6 inch tc 2.200 inches in each case at 50
fpe axial velocity, zero radial veloc: The initial position for the
particle trajectory analysis was taker Z = =2,000inches relative to
the blower inlet flange.

Other fixed parameters included:

Sand Particle Density -0 s = 160 lbm/ft3
Air Absolute Viscosity -u = 3,5x 10°7 Ilbfsec/ft:2
otal Airflow Rate - Woor 1,074 1b/sec

A typical series of resulting trajectories is given in Figure 35, In
actuality, considerably more trajectories were run, The particle
position computation terminates at the splitter leading edge, and
particles are judged as bypassed or ingested on the basis of the last
pesition relative to the center of the splitter leading-edge radius,

If we =ummarize the results of all trajectories, listing by radius, the
range of particles ingested, versus the size range of partizies bypassed,
the results are as given in Table 15,

Through use of the percentages bv weight of MIL-E~5007C which lie with«
in the ranges of particle diameters bypassed, the separation efficicncy
by weight may be culculated at any specified radius,

Finally, by plotting this distribution of efficiencies versus radius (Figure
36), an integrated value may be found that represents the average
separation efficiency for '""C-Spec' sand, for the assumptions made,
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The value thus obtained is as follows:

n = n = Weitht of sand typassed
SEP 2
Total weight of sand into blower
= 0.86
"2 caLc

The actual level of separation efficiency achieved is fundamental to the
durability of the blower. Past experience in correlating the analytics
of efficiency prediction with test data has generally shown discrepancies
that can be up to 10 points in magnitude, with the preciction being
optimistic., The same problem is pointed out in Reference 5, page 230,
with respect to trajectory analysis results in general,

In the analysis above, the two prime sources of error are considered
to be a failure to acnieve the assuned initial conditions (i.e., a real
world set -: initial conditions that can be much more random in
initital veincity and direction than the assuned-constant values) and a
lack of adequate statistical treatrment of the actual rebound character-
1istacs, considering the true polyhedral shape of the particles as
vopposed to the assumed spherical shapec.

Although we recognize some measure of optimism in the estimated
efficiency, the stated design goal of 72 percent is still considered to
have suificient margin to proceed with the inlet flow path as specified
at thic point without modification for further efficiency improvement.

OVERALL FLOW-PATH SPECIFICATION

The approach taker in the aerodynamic design of the scavenge blower
was to consider the major compoenents separately, interfacing each 1n
sequence, with iterations as required, to obtain specified overall per-
formance goals. Summarizing these components:

Inlet separator section - 3 inches in length -~ inlet to
rotor leading
eage

5. Duffy, R, J., and Shattuck, B, F,, INTEGRAL ENGINE INLE
PARTICLE SEPARATOR, Vol, II, DESIGN GUIDE, General N
Electric Co,, USAAMRDL, TR-75-31B, Eustis Directorate,

U. S. Army Air Mobility Research and Development Laboratory
Fort Eustis Virginia, August 197¢, AD AO15064, ’
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Rotor and turning vanes - 3 inches in Jength - rotcr leading
edg: to ejector
primary nozzle
plane

Ejector/Diffuser section - 4 inches in length - no=zzle plane to
blower exit

plane,
Total length - 19,00 inches

Theo overall flow path definition appears in Figure 37, with the point-for~
point coordinate specification of channel boundaries given in Table 16,

TURNING VANE DESIGN

Design of the turning vane assembly in the primary airflow channel was
based upon NACA -65 se:ies airfoil strip stock, A=l meanline shape,
with a maximum thickness of 10-percent chord,

Given the geometry for the -65 series airfoil, the cascade solidity, and
the required amcunt of turning (refer to the data below), then the
objective of this phase of the design is to generate a recambered air-
foil which provides the required turning at an acceptable level of de-
viation angle,

Number of Vanas - 20

Airfoil Type - ~65 Series, A=l Meanline

Tip Radius - 2,097 in,

Hub Radius - 1,800 in.,

Me"n Radius - 1.954 in,

Chord l.ength - 0.694 in.

Selidity (Mean) - 1,124 in,

Inlet Angle - 32.3 deg

Iniet Mach Number - V.57

Exit Air Angle - 0 deg '

-

Using a vane cascade selection program, the camber was determiued
to be 39.9 degrees or 7,6 degrees past axial for 0 degrees incidence.
The resulting vane profile shape is showan in Figure 38,
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IMPELLER FLOW ANALYSIS

The first phase of the impeller design (meanline analysis) established
the meridional flow path and the vector triangica, satisfying the requir-
ed flow and work based cn assumed efficiency and slip factor,

The remaining elemenis to complete the rcior aerodynamic design are
as follows:

1. Determine the flow field within the campressor once a
blading geametry has been specified.

2, [Iterate the blade shape, if required, until acceptable surface
velocity distrit:utions are achieved and the previously
determined vector triangles are satisfied,

3. Translate the blading cnordinates into manufacturing cross
sactions,

The latier step and the parallel stress analysis are discussed in sub-
sequent sections,

For tke internal flow analysis of the impeller, a centrifugal compressor
design program was employed which required specification of a dis-
tribution of blade angles (mean camherline tangent angles) as a function
of axial distance along the rotor. In addition to the blade angle, a thick-
ness distribution normal to the meanline was necessary to camplete the
blade definition.

£t the rotor design speed 2ad flow rate, the mass-weighted average
total pressure ratio was calculated to be 1,274, which is in close
agreementi with the value of 1,271 previously determined irom meanline
analysis at an exit radius of 1,450,

Relative velocities along the surfaces of the blades were examined with
rejpect to the following:

1. Maximum vulvees along the suction surface {local supersonic
© flows).

2, Average velozity ratio across the blade row (flow separation)

3: Average channel Mach number (proximnity to choking).
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The surface and the average velocities at the hub, mean, and tip stream=
lines were computed; and for the bladinf conﬁgqration that was
analyzed, these results were considered to be within accept-

able limits with respect to the criteria above. (See Figure 39.)

IMPELLER BLADE MANUFACTURING SECTIONS

In the preceding design analysis of the irnfeller. all blading definition
was along streamtubes and was expressed geherally in terms of radius,
axial distance, normal thickness, snd meanline angle.

The meanline coordinate may also be expressed in terms of the cylindri-
cal coordinate, 6, which is the angle measured with respect to a

vertical radial line. The parameter 8is available from the design pro-
gram output, for each meridional calculation plane and streamtube center.
Ten-times size master airfoil charts to be used in manufacturing and
inspecting the impeller were prepared from the r, 8, Z, t blading def-
initions by means of a convarsion program that provides horizontal
sections (cylinder tangents) calculated from the input cylindrical
cordinates.

A composite overlay of the final blade design is shown in Figure 40,

100

A s B

AR
K "n:f *
.




R LRI DAL P TET RS Y TS T L TR I TV T DT AT, v §

| *‘(aro) 90TJING VINSBIIJ PUE VWOLIONG
| operd 1030y 943 UO SOIIIDO[IA JO WOPNYIIISYT °*6¢ @andry

% - HLIION3T 3NITH3IGWYI LIN3J¥3d

0oL 06 08 0L 09 0s oy 113 0¢ ] 0
T

| T 0
3IvIHns —
3¥NSS$3¥d 30v8
NI 9€v°1L  SHIO9NIT INITYIGNY) ——q 042

F ool
m
2
>
-
00y =
m
-
_ 009 mm
_ 2 =
l
008 =<
¢
— A
o00L =
. H
| ‘0= 7 @ m
7 ‘NI PE6° = 4 :SNIGYY 002L o
|

IgNIWYIYLS - CiA

| | | | 00bL

| S e e et N Gtk B YRR




L e e T SRR

BLA
SECTION 1 (HUR) 1—
SECTION 2 9 —
SECTION 3 ‘<
SECTION 4 A—
SECTION 5 §—
STACKING
POINT

SIS - R——v

ol ]// ' N L

Fignure 46, Composite of Imgg{ief ﬁliée Manufacturing Cross Section,




P T = I e R T S Wt ST < R Bt DTN, ¥ WSENERAT NTNT SIS MAME al

R et e e A WA AR

T BLADF ;.. 10N RADII |
; }—— o0y 6—=1.250

2——. 7580 7-~-1.350
3—— 900 38-—1.450
4—1.050 9-—1.530
5—1.150

N

- . .__,‘-‘—-—- A Y

SECTION ¢ (TIP)

\

S SECTION 7 N SECTION 8

o e T R o
——— — —y - —
) _ - y




~~—gpr

TR LI

MECHANICA L DESIGN - SYSTEM DI

GENERAL

The detailed e taricnd design of the blower is based upon the aero-

dynamic (low puth;, 3s shown in Figure 37. In addition, the following
considerations apnlied;

| Use a gimple, modular design that permits access at all
-najor components, facilitating development changes if required.

2, Physical similarity to engine-level hardware would apply only
insofar as meeting power, durability, ana aerodynamic per-
formance requirements,

3. Critical elements,where erosion damage is of potential
influence upon performance or mechanical integrity, must be
representative of engine-level hardware. The assumed
critical elemont in the present design is the rotor,

4, Methods of fabrication for units produced in quantity have been
addressed in the ~arlier feasibility studies; for present
purposes, major eomponents are fully machined where
possible, Castings, spinnings, or hydroformed sheet metal
compenents and generally those techniques applicable to
quantity production, were not used,

The basic mechanizai arrangement which was employed iz 2n overhung
integral rotor/shaft, supported by two sil-mist-lubricated 20mm bearings,

A "nodular' design approach resuited in a breakdown of components as
follows:

: i Inlet housing - This housing contains the separator centerbedy,
: supported by four struts.

2, Air splitter assembly - The inside diameter of the splitter
“Torms the rotor shroud flcw path, TFour bypass channel struts
connect the splitter to the blower vuter casing.

3. Turning vane assembl;.- Twenty NACA Series 65 airfoils are
s¢ TENOVE swirliran the rotor discharge, The
exit plane of the vane assembly forms the ejector primary

nozzle, No spécific provisions have been incorporated into
this agsembly for erosgion protection, - :




4, Bearing housing/mixing tube asserably - This assembly is
ihe basic structural element of the blower, and transmits
rotor/bearing loads through four struts to an external mount-
ing flange, Secondary flow is induced at the inlet plane of
the housing flow path,

Se Exhaust diffuser - The exhaust diffuser discharges the mixed
Tlow o ambient, using an efficient, compact arrangement
that incorporates a flow aplitter, Four siruts provide support
for the ccnical splitter.

A detailed layout of the integrated mechanical design for the blower is
shown in Figure 41,

DYNAMICS OF THE ROTOR /SHAFT SYSTEM

The design objective was to place the fundamenta: rotor resonant
{requency safely above the 50,000 rpm operating specds A miniimum
calculated first eritical speed of 60, 000 rpa was considered to be
satisfactory,

The impeller overhung mass and the pogitioning of its center of gravity
relative to the centerline of the No,. 1 bearing is found to be very influ-
ential upen the fundamental resonart frequency . (See Figure 42.)

Spring rates are based upon a radial load of 78 1b¢, resuiting {rom 0.5
gm-in. of unbzlance at the impeller center of gravity,

; The final design weight for the impeller is 1,0 1b, with an overhung
center of gravity of 1, 10 inches (Figure 42, Dimension A),

For this configuration, the {fundamental resenant frequency is an accep- ;
table 62,000 cpiu, i

STRESS ANALYSES OF THE ROTOR

i
Stress analyses were performed on the scavenge blower rotor to assure i
that low operating sirese levels would be maintained, In summary, the }
maximum operating disk stress was kept to 25 ksi, while keeping that

of the blade to a maximum of 16 ksi, The maximum calculated ~adial

displacement was under 0, 001 inch at design speed,

A two~dimensional finite element anajysis was performed tG acress both
the disk and the blade behavior, The impeller finite-element inodel
consigted of 276 nodes and 243 elements {Figure 43}, A portion of the
shaft, which is an integral part of the impeller, was included in the
analysis to impose the cffects of the shaftis shell behavior on the disk,
The axial deflection at the end of the shaft was set to zero, Room tem-
- perature properties for 17-1 PH stee! ware nsed. and.the 100.percent
speed loading of 50,000 rpm was applied,
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The resulting deformation and stresses were shown in Figures 42 and

44, Maximum disk stress is 25 ksi, and is located in the bore; the
maximum blade stress (assuming a radial blade) is 16 ksi, located at the
blade/disk juncture approximatsly two-thirds up irom the leading edge,
The negligible slope at the shaft end (Figure 43) confirms that a sufficient
portior. of the shaft was included in the model ts accurately assess the
shaft/disk interaction. Aside from blade erosion effects, a disk service
life well in excess of 100,000 cycles will result irom the above stress
levels.

In the analysis of bending stresses at the blade inlet, support given by
the more radjal sections just downstream of the inlet was neglected, In
addition, the direction of centrifugal force ioading was fixed along the
span to give conservative value for the bending moment, The analysis
gave a maximum bending stress estimate of 10, 6 ksi at the inlet hub,
This bending, when imposed on the norninal inlet blade stress of 5 ksi,
as given by the finite element analysis, results in a maximum inlet
blade stress of 16 ksi, which provides an adequate margin for blade
resonanca,

FINAL DESIGN CONFIGURATION

An assembly drawing of the final design configuration for the bypassing
blower (System Dl) is shown in Figure 45, The paysical characteristics
and the method of manufacture for key components are summarized
below: -

INLET HOUSING ASSEMBLY

Material; A-286 stainless steel ( AMS 5525B )

Method of Fabrication: Fully machined centerbody and outsr casing,
Y¥our struts {, 097 inch constant thickness) were silver-soldared to
form the assembly,

AIR SPLITTER ASSEMBLY

B s st e

Material; 321 stainless steel (AMS 5645; AMS 5510)

Method of Fabrication: Fully machined splitter, struts, and outer
casing, Four bypass channel struts {,125 inch thickness) were
welded in position; final contour machining on the splitter ID, :
fcllowing welding operation,

TURNING VANE ASSEMBLY

32: stainless steel (AMS 5645) ,

' 2 Vanes were coined to final sehape from airfoll
strip stock (<65 series, Al meanline, 10% maximum thickness) and
forrace brazed to contour-machined inner and outer shrouds,

terinls
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Figure 45. Final Design Assembly - System
D1 (Bypassing Scavenge Blower).
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ROTOR

Material: 17-4PH stainless steel (AMS 55643J)), solution treated at
, aged in air at 1100°F, for Re 33-34,

Surface Roughness: &4 microinches, RMS Mdax, )
Method of Fabrication: Fully machined intsgral rotcr/shaft; profile-

milled rotor blades {Figure 46).

BEARING HOUSING

Materials 321 stainless steel (AMS 5645)

Method of Fabrication; Fully machined; fowr struts of double
circular arc profile (, 150 inch maximum thickness) welded to the
ID and OD flow path elanents

N

EXHAUST DIFFUSER

Materials 321 stainless steel (AMS 5645)

2 Method of Fabrications Machined innex and outer shrouds; 0, 060

& inch thick struts and splitter; furnace~-brazed assembly,

. From the stress analysis of the rotor blades and disk, the calculated

; centrifugal growth (radial) was seen to be less than 0, 001 inch, No

£ provisions are made for rotor blade tip protection, in the event of a rub,

§ aince any of the typically employed rub materials would be quickly lost

£ from erosion,

5

& Conservatively, the cold static tip clearance (radial) was set at 0, 005 to
& 0, 007 inch,anticipating nc more than 0, 001 inck radial growth under

i

maximum operating conditions,
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TEST RIG AND INSTRUMENTATION

The test rig shown in Figure 47 was designed to support the separator
scavenge blower at the bearing housing mounting flange, and to provide
for the aerodynamic and mechanical evaluation of the unit over its full
range of possible operating conditions.

Airflow is ducted to the blowar from cell ambient, and subsequently
collected in an exhaust plenum which containe the pressure and tempera-
ture probes for performance measurements. A throttle valve located
downstream of the exhaust collector was used to vary the loading on the

blower, thus permitting the full stable region of operation to be deter-
mined,

Aerodynamic instrumentation was kept at a minimum and designed to
provide measurements of total airflow, total pressure, headrise, and
rotor horsepower, Inlet conditions were taken as cell ambient, since
pressure lossee up to the blower inlet flange are negligible,

Total and static pressure measurements in the bypass charnnel provided
~n independent measure of bypass channel airflow,
) The instrumentation, used for performance measurements, and the
test rig location for each type were as follows:
Parameter Symbol Quantity Location
Inlet pressure P 1 Celi Ambient
°m
Iniet temperature To 1 Cel! Ambient
IN
3
: Exit total pressure Po 6 Exhaust Collector
,‘ EX
. ‘ Exit total ieizperature T 6 Exit Collector i
! | °EX
Lo Bypass total nressure P 4 Bypass channel,
i °BYP downstream
{ Bypass static pressure P 4 f splitter i
BY?P support struts, ;
O3 .
Niifice pressures drop L pOR 2 Flow measurement [
Crifice upstream pressure P section in the ;
; OR 2 teat rig R
é Orifice tamperature T OR 2 exhaust line. é S

ﬁumﬂv P I )
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The imechanical instrumentatior added to the rig was limited to bearing
outer racs temperatures, rotor tip rub indicators, and vibration pick-
ups, Spa2ed was sensed at a location in the facility drive section, The
instrumentation and respective locations are given below:

TYPE QUANTITY LOCATION
Bearing temperatures 2 per bearing Outer race, Bearing No, i,
2, 3, 4
Vibration 2 vertical and Externally mounted cn the
horizontal blower casing just aft of

the splitter housing up~
eiream flange,

Rub indicators 2 per plane Impeller shroud, at the
leading and trailing edges;
staggered depth settings,

Figures 48 and 49 show, respectively, a composite of the major hard-
ware elements, and the blower test rig at a partial assembly point,

A separate iniet module rig (igures 50 and 51) provided a means of
measuring inlet losses and sand sc¢paration efficiency by segregating
the bypass and maia flows. The pressure instrumentation in the by-
pass channel was also calibrated for flow rate. Each channol is
scaveanged by a separate facility blower, thus allowing simulation of any
total flow, or bypass ratio.
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Figurs 48, Camposite of the Tsst Rig and Blower Major Camponents.
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§ Figure 49, Test Rig Partial Assembly,
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TEST RIG FACILITY INSTALLATION

The test facility that was used to evaluate the blower provides a

speed capability of 0 to 30, 000 rpm output from a steam turbine. The
drive turbine output speed is increased through a 3, 0:1 ratio gearbox,
giving an overall capability oi 0 to 90,000 rpm, The majority of the tests
were conducted at 50,000 to 51,000 rpm, depending upon the cell

ambient temperature. The blow. r test rig is shown installed in the
facility in Figure 52,

Pressures from the rig viere read through use of a portable, 24-port
differential pressure scanner, with digital display of any manually
selected value, The following conirol-room displays were used in
monitoring the aerodynamic and mechanical performance of the blower:

Pressures - Digital readout from differential preesure scanning
unit,
P Temperatures - Honeywell-Brown recorder with individual display
of selected inputs,
Speed - Hewlett-Packard preset couater,
Overall pressure ratio - Difierential pressure transducer, voitage/
fraquency converter, preset counter

Rotor tip rubs -~ Alarm system, activated upon blade contact with

wire tip rub indicators,
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TEST PLAN OUTLINE

The experimental program for evaluating the bypassing blower (System
D!) was subdivided into a series of individual tests, with the following
objectives:

Test Pl - Inlet System Evaluation

a, Determine the total pressure loss of the blower inlet section,

b, Calibrate the bypass duct instruments against an airflow
stand&rd.

c. Determine the extent to which blower flow characteristics are

¢ influeneced by inlet ice accumulation,

Test P2 - System Efficiency Test

a. Determine the power input requirements over a range of
operating conditions, simulating engine idle through full
power,

b. Determine the stahble operating region by measurements of
Leadrise versus airflow at constant speeds,

|

Por g N b e

Test P3 - Water Iggeotion Test

a, Evaluate the effect of water ingestion upon the blower, under
both steady-state (design point) and start-up conditions.

b, The water flow rate is based upon ingesting liquid equivalent
to 3 percent of the engine airflow, assuning 75 percent water
separation efficiency through the particle separator,

Test P4 - Durability Test

S PRS2 5y e

LY

Thke durability test focuses on the prime objective of the entire program:

a, Demonstrate the ability of the blower to operate for a 50-hour
period in a sustained erosion environment using MiL.-E-5007C
sand,

b. The actual test calls for periodic inspections, nominally at
10=lhour intervals,

C. At the conclusion of this test, the minimum performance goals
are standard day inlet conditions,

d, At the blower desiga point, the sand feed rate would directly
simulste scavenging 18<percent air fran-a 5,0 lb/sec, engine,
whose particle separator is 95 pexcent.efficiert by weight,
Sand-to-air concentriation at the sepirator inlet is 1,5 mg/ft3.
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The purpose Jf this test is to qualitatively assess the ability of the
3 system to ingest typical aircraft engine hardware in sizes appro-
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EXPERIMENTAL EVALUATION OF THE PRIMARY SYSTEM (TASK IV)

(BYPASSING BLOWER)

TEST Pl - INLET SYSTEM EVALUATION - INLET LOSSES

In accordance with the primary system test plan outlined earlier,
test work on the scavenge blower was begun by evaluating the
pressure loss and airflow characteristics of the system inlet section,
using the inlet module as a test rig, (Refer to Figure 50,)

Total pressure losses in the bypass channel and the rotor (or core)
channel were each measured using Kiel probes 90 degrees apart, but
staggered radially at 20, 40, 60 and 80 percent of the channel heights,
In addition, the bypass channel contained four outer wall statics,

The procedure used was to set a value for rotor flow corresponding
to the maximum (or design) value, and then to vary the bypass airf.ow
in incren.ents, thereby simulating a range of bypass ratios. The
resulting inlet system losses are shown in Figures 53 and 54.

For the bypass channel, the pressure iosses are 1l to 2-1/2 in,
H.O, depending on the bypass ratio, Earlier estimates (based on
a simple diffuser analogy, given the area ratio and length) at 25~
percent bypass were approximately 3 in, HZO average loss,

The continually changing shape of the radial profile with bypass ratio

shows the tendency for a progressively increasing outer wall flow

separation as the bypass ratio is diminished, At 10 percent, the

near -flat profile with the free-stream total pressure equal to the wall

static shows the flow separation and recirculation, At the design

*--~ass ratio (P =,25), the 1,5 to 2 in, H,O loss is well within the '
5 in, H,0 maximum allowed for in the design of the ejector.

In the rotor channel (Figure 53), losses were also very low, and
only in the extreme case of zero bypass ratio did the mean loss
approach any level of significance, For the scavenge blower inlet,
losses due to friction in the very short lengths in relation to the
channel hydraulic diameters would be negligibly small, Wake losses
are induced only in the four centerbody struts which are of , 060 inch
thickness, Also, the previous inlet potential flow analysis had .
indicated that flow separations were not expected to be any problem R
along the hub,
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Along the rotor shroud, the >uter channel area reduction and a
relatively high bypass ratio provide favorable incidence to the

flow splitter, These aspects of the inlet design have minimized the
degree of over-acceleration about the splitter nose, which is
followed by rapid diffusion and flow separation,

In summary, the emplasis placed on loss minimization during the
inlet design appears to be well substantiated by the experimental
data obtained,

TEST Pl - INLET SYSTEM EVALUATION - BYPASS FLOW
CALIBRATION™

The data required ior calibration of the bypass chann~l (airflow vs

P - P jwas acquired simuitaneously with the loss data using the
same test setup referred to praviously, By using mean total pres-
sure (simple average), mean wall static pressure, inlet temperature,
and the actual airflow from an orifice measurement, the calibration
curve shown in Figure 55 was obtained,

TEST Pl - INLET SYSTEM EVALUATION - FLOW VISUALIZATION

The performance of the blower inlet separator in terms of achieving
a prespecified minimum level of separation efficiency (72 percent by
weight) with MIL-E-5007C type sand is fundamental to the durability
of the blower with respect to the 50-hour minimum goal,

By using sparklers as tracers, the results obtain3d are shown in
Figures 56 and 57, Results showed that the vast majority of the
particies carried directly into the bypass channel, or of those that
bounced, the impact point on the outer wall was downstream of the
splitter leading edge, indicating that these particles, as well, were

"bypassed''.

Based cn this simple test, the results were encouraging, The conical
fairing shown in Figure 56 had been temporarily added to the rig in
order to test for effects on pressure loss, No differences were
found, and the fairing was not used in any subsequent test work,

Finally, with the centerbody cone removed, a 1000-gram sample of
sand was introduced into the rig inlet with the bypass ratio set at

approximately 20 percent, '

Of the total sample introduced, 80 percent was recovered, indicating
further that the inlet separator performance was satisfactory in view
of the established goals,
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Figure 57. Flow Visualization - Test Pl (Bellmouth Removed).

134

'unM‘uMw LepGuaRnse Yrhy




)
e e i AR B VO e s e st

TEST Pl » INLET SYSTEM EVALUATION « ICING

To assess the effects of ice buildup upon the blower performance, the
inlet module rig was mounted at the downstream end of an icing tunnel
into which a variable supply of cold air could be introduced, A
spraybar, using one atomizing spray nozzle, was located in the
tunnel, approximately 10 feet upstream of the inlet rig.

B}

As in previous tests with the inlet rig, separate facility blowers and
orifice sections were used to establish a desired rotor channel and to

bypass the channel airflow, The conditions established wera: s
Total flow to blower = 1.11b/sec :
Inlet temperature = +15° to +18°F ;
Bypass ratio = 25 percent

Under these conditions, the airflow was monitored at 5-minutz inter-
vals once a water flow rzie of 0, 75 gal/hr* had been introduced. A

plot of percentage loss in total airflow against time is shown in :
Figure 58, 1
At the test conclusion (45 minutes), the regions where ice had accume

ulated are shown in Figure 59.

Relative to the actual quantity of supercooled water that could
physically reach a scavenge blower in an actual engine installation,
this paiticular test would have to be considered as quite severe,

& RANIRIRD Gt sa

TEST P2 « SYSTEM EFFICIENCY « POWER REQUIREMENTS ;

Test P2 entails running a ''clean inlet" baseline performance test
covering the range of possible operating speeds and back pressures;
The primary parameters generated from this test at a given speed

-

?*‘."7‘1”!?@. aoifﬁ‘-‘\f;,tgfé’kkﬁﬁﬁw iiﬁ'@ﬁmﬁﬁmﬂ\%‘?ﬂma&mw MU P B E AASE AR, ) 9y | IRt R S0 sy WPy 0 g -

include:
g Total airflow pumped (W ToT °F wTOTJo75 )
2 Overall headrise (APO or pressure ratio)
Rotor drive power (HPROT’ HP/&\I;)

¥ Liquid Water Content = 2,0 gm/m3
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Throughout the test data, which is subsegnently presented, airflows have
been expressed in terms of referred flow, and headrise in terms of
pressure r~tio, For reference purposes, Table 17 lists actual desi
point conditions versus the corresponding standard day corrected values.
In all cases, the 'inlet'" station is the blower inlet flange.

The test was run by selecting fractions of design speed, from 50 percent
up through 100 percent NAJ 3 ; at each constant speed, the back pressure
was varied in increments starting at the lowest attainable, and increasing
up to a point where an instability was in evidence. The resulting perz

. ir Fiou 0.
formance map (WTOT\’W” versus (POEX/ POIN) is shown in Figure

From the map and Table 17 (design parameters), the 100~percent speed
characteristic satisfies the required design point flow and pressure
ratio (1.129 1b/sec at Pr = 1,064),

The '"stall boundary" is actually a point where a mild instability was
seen in various aerodynamic measurements which were raonitored
during the test. The severity certainly could not be classified as any-
b thing reeembling a ''surge', or even as an audible stall.,

The location of the design pcint in relation tc the stall boundary at firs*
appears very vnusual, compared with a typical compressor map; gen-
erally, that point would be located much nearer to the stall boundary.
However, the map represents the overall characteristica of a system
which includes an ejector.,

If we refer again to Figure 60, then the reason for the design point
location becomes apparent, Overlayed on .ne ma» are a series of
contours that represent calculated bypzss ratios; as back pressure is
increased along ¢ constant speed line, the result is a rapid reduction
in bypass ratio,

Eventually, with sufficient back pressure, the bypass flow is reduced to
zero; from that point cn, the blower operates "conventionally although
: very inefficiently overall, since the flow now "dumps" into the mixing

: tube and diffuser,

With further throttling, some of the rotor flow actually recirculates ;
back through the bypass channelt and with that cutlet, it was never actually <)
possible to cause enough Icading on the rotor as to obtain a distinct
rotating stall or a surge. i

For purposes of this design, since the '"bypass' feature is fundamental, }
the discussion of results will be limited to the "useful" nperating region }
where some amount of bypass is presen., i, e., those points which lie ]
below the line 8, = 0., in Figure 60.
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Another aspect of the performance in general that is indicated in Figure
60 is that at design speed total flow and total pressure ratio, the bypass
rate was approximately 20 percent.

Power input to the blower (Figure 6£1) was computed on the basis of
toir:1 flow rate and overall temperature rise, (See Appendix A.) From
70% speed and higher, the vertically sloping lines of constant f, on
Figure 61 are close approximations to operating lines for a blower dis-
charging to a fixed downstream resistance. The 20-percent line, -for
example, then represents the variation in power as a function of speed
along a typical operating line.

At 100-percent speed, the blower requires approximately 15.6 horse-
powsr as determined from test data. The estimated power at 100-
percent speed during the design phase was 15,57 horsepower. (Refer
to Table 11,)

If we use the independent measurement of bypass channel airflow to
compute the performance of the rotor/vane stage, there are no indica-
tions of problems in the primary channel, insofar as rotor airflow, rotor
pressure ratio, sfficiency, or nozzle Mach number is conerned. In fact, the cal-
culated stage efficiency at 100-parcent speed (B, = 20%) is considerably
higher than was assumed during the desigu phase. (Refer to Figure 62.)

In the bypass channel {(Figure 63), losses are about consistent with the
inlet module tests but the bypass flow rate is lower than design. (At the
design total flow rate and pressure ratio, the bypass ratio is 20 percent
compared to the predicted 25 percent.)

An explanation for this is shown in Figure 64, where upon teardown,
the turning vane wakes showed a considerable deviation from the
axial flow direction, indicating that swirl was present at the mixing
tube inlet, The ejector performance is a function of axial velocity

and hence for a given rotor output, 2 samewhat less secondary flow is
induced,

In Table 18, a comparison is made between design and test for the
significant performance parameters,

We may suamarize the Test P2 resuits by stating that overall flow
and headrise requirernents were satisfied. The assumed rotor and
stage efficiencies proved to be very conservative, and higher per-
formance fram tne rotor resultad, The swirl problem produced some=
what less bypass flow; however, based on previcus particle separator
experisncs, the diffarence in separation eiliciency from 20-percent

scavenge to 25 percent scavenge is small, and thus th
on durability should be minimagl, ’ us the impact
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TABLE 18, TEST RESULTS VERSUS DESIGN ~ SYSTEM D1 BASELINE
L PERFORMANCE
—
Parameters Design Test
Speed ~ (N/A[0 Yy + TP 50, 000 50, 000
Total Ai - 8 1.1 1.
otal Airflow - (W, OT\[F/ g 10 /sec 29 13
Pressure Ratio - PoEX/ PolN 1.064 1.064
Power - HP 15,57 15,6
ROT
Rotor Airflow - (WR.OT W 5) N’ 1b/sec «904 . 940
‘ rpags Airflow - (WBYBW' N’ 1b/sec +225 .190
Pressures Ratio - POP/' Po N 1,175 1.215
Pressure Ratio- P [/ P . 1,190 --
op ©i
Bypass Ratio - §2 25% 20%
Stage Efficiency - (vad)STG « 497 . 600

i = Rotor inlet plane
IN= 3lower inlet plane

P = Primary nozzle plane

*This reflects 5_>in. H,Umargin on duip inlet total pressure.
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TEST P3 - WATER INGESTION

The purpose of this test was to evaluate the efiects of water ingestion
upon the operation of the biower under both transient and steady.state
conditions, To simulate operaticn of the blower in a rainstorm, the
water flow rate was based on a 5, 0-lb/sec engine which ingests

liquid equivalent to 3 percent of the airflovr; the engine particle
separator was assumed to have 75-percent water separation effi~i2vcy,

Under the above conditions, 50 cc/sec would be drawn by the Licwrer
at design speed., The test was run as follows:

1. Approximately 100 cc was introduced into the inlet, with the
blower at zero rpm, The blower was then accelerated to 25, 000
rpm, simulating ''start up' while ingesting this slug of water,

2, At 25, 000 rpm, water at the rate of 50 cc/sec was introduced
continuously for 2 minutes,

3, Continuing with the same flow rate of water, the blower was
accelerated up to 50, 000 rpm, and was run for approximately 8
minutes.

Throughout this test, there were no observable effects, either
mechanical or aerodynamic (for example, vibration level change)

other than a very vigorous expulsion of the water from the syetem
exhaust,

TEST P4 - DURABILITY ~ OVERALL PERFORMANCE

The objective of this phase of the program wz.s to quantitatively
measure the operational characteristics of the blower under an
erosion environment for 50 hours,

Sand.feed rate to the blower was determined by analogy to a
5.0«ln/sec engine, whose particle separator admit: a sand/air
concentration of 1, 5 mg/ft 3with a separation efficiency of §5 percent
and a scavenge rate of 18 percent, Under these conditions, the
blower would extract {nominally} 400 grams of sand {MIL-E.5007C)
per hour,

Over the 50-hour duration of this test, inspections were actually
performed at the following intervals: 10, 16, 25, 35, 42 and 50 hours,

147

-ty A e wle et

AN AT Bl £ 1 e
Fabd b A Y R Wi € 8 Lepeddid it e a PV PN S SN N SO

R A R S o O B R B s R i i




test was resumea. Frobable cause was attributed to contamination
in the oil mist supply, and the problem was corrected by improving
the inlet filtration syster,

Up tc the 50-hour point, the basic test results can be summarized as
follows:

° Excepting one instance (16 hours) when the No, 2 bearing ran
a higher outer race temperature (215°F versus 190°F), there
were no mechanical problems in operating the blower for

extended periods of time, Steady-state vibration was low,
generally under 0,15 mil,

Overall performance did not diminish; in fact, a modest imprc=~
vement in total flow was seen up to about 35 hours

From periodic inspections, the wear patterns on the rotor were
apparent, even after 10 hours running, All erosion took place
on the pressure surface of the blade; it was most evident on the
leading edge and along the blade shroud,

Figures 65 and 66 show a comparison of the test rotor to a second,
unused rotor after 10 hours and after 50 hours, The vane asscmbly
alsc showed some indication of wear after 50 hours (Figure 66);
the erosion vccurred towards the outer shroud at the trailing edge,
and again, only on the pressure surface of the vane.

Examination of all other flow path camponents which contain struts
or splitters showed no signicant erosion,

The 16~hour check was promptea by a somewhat higher than normal
outer-race temperature on the No, 2 bearing, This bearing was
replaced, as evidence of outer race rotation was present, and the
At the 50-hour mark, the program objectives were clearly mey, and
with ample margin remaining on overall performance.
The durability test was then extended for an indefinite number of
additional hours with the objective of reaching some definitive aero- .
dynamic and/or mechanical limit, The performance limit, in any '
event, was taken as the minimum given flow of 0,90 1b/sec at -20 in. i
H,0, or 0. 946 1b/sec at standard day inlet conditions.

The next three benchmark inspections ere at 60, 75, and 85 hours.
At 85 hours the wear pattern on the rotor was most pronounced at
midspan and towards the shroud (Figure 67).
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QPERATI%G TIME WITH
SAND INGESTION: 10 HR

TOTAL AIRFLCW (ACT) = 1.15 Ib/sec

"

ROTOR SPEED 50,000 rpm

SAND INGESTION RATE = 400 GM/HR
SAND TYPE: MWIL-E-5007C

Figure 65, Effect of Sand Ingestion Upon the Rotor -
Test P4 - 10 Hours.
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TEST ROTOR:
OPERATING TINE = 50 KR o
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; TOTAL AIRFLOW (ACT) = 1,15 Ib/sec

ROTOR SPEED 56,000 rpm o)
SAND INGESTION RATE - 400 GW/HR
SAND TYPE: MIL-E-5007C
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VANE PRESSURE
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Figure 66, Effect of Sand Ingestion Upon Rotor/Vanes -
Test P4 - 50 Hours.
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TOTAL AIRFLO% (ACTY) 1,15 b, sec
ROTOR SPEED 13,800 rpm
SAND INGESTIOK RATE - 400 GM BR
SAND TYPE: MIL-E-5007¢C
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Figure 67. Effect of Sand Ingestion Upon Rotor -
; Test P4 - 85 Hours.
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'I‘he_ turning vines show same erosion damage, particularly at the
trailing edge {Figure 68), Wear is such that the trailing edge is
beginning to curl over, from pressure side particle impacts, This
conch;zo: 18 worst at the outer shroud and diminishes towards the
vane hub,

The testing was terminated after 118 hours due to a bearing faiiure.
NDamage from this failure was confined to the rotor bearings and the
face seal only,

Photographs of the critical hardware at the 118-hour durability test
conclusion are shown in Figures 69 and 7C.

In judging the mechanical integrity of these components, it should oe
emphasized (in the case of the vanes) that no provisions were made
for protection from erosion damage, since these were fabricated
from standard airfoil strip stock (10-percent maximum thickness)
which were then coined to a desired camber. Also, the rotor iiad no
prutection (coatings) from the fraction of contaminant admitted by
the inlet separator, In view of the preceding, and considering the
50-hour minimum objective, the mechanical performance of these
components was very satisfactory, since a factor of 2.4 times the
minimum required operation life was achieved with ezse,

Figure 71 shows the measured flow and pressure ratio at each data
point in relation to the design speed map characteristic at the start

of the testing, The effecc of ercosion upon overall performance was as
follows:

® A rise in the total airflow up to about 35 hours,
¢ An inucease in pressure ratio up to 85 hours,
o A decrease in flow and pressure ratic beyond 85 heura,

At the test conclusion, the total flow was 1.081 !n/sec, which is atill
well above the minimum requirement of 0, 946 1b/sec,

TEST P4 < DURABILITY ~ COMPONENT FERFORMANCE

Periormance of the individval blower components in tarms of flow,
pressure ratio; efficiency ., efe., thecugh the durability test izdicated
a %m’c;gr)al mprover.ent Gp to shout 35 hours. (Refer to Figures 72
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OUTER SHRIUD OF
TURNING  VANE
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OPERATING TIME: 835 HR

.

TRATLING EDGE JF VANES
LOOKING UPSTREAM

VAKE
PRESSURE SURFACE

Figure €8, Effect of Sand Ingestion Upon the Turning
Vanes - Test P4 - 85 Hours,
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ROTOR:
OPERATING TIHE = 116 Hi

TOTAL AIRFLOW (ACT) = ,.06 ib/sec
ROTOR SPEED = 50,000 rpm
SAND INGESTION RATE = 400 GM/HR
SAND TYPE: MIL-E-5007C

Figure 69, Cumulative Erosion Effect - Test P4 Con-
clusion - Rotor,
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Figure 70, Cumulative Erosion Effect -~ Tets P4 Couclusicn -
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OVERALL TOTAL PRESSURE RATIO - Popx/Pojy
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Figure 7., Effects of Sand Ingestion Upon the Blower
Operating Point - Test P4,
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N//8 = 50,000 rpm
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Figure 72. Durability Test Results - Test P4 - Bypassa

Ratio, Total Flow, Bypass Flow, and Rotor
Flow Versus Running Time.
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SAND TYPE: MIL-E-5007¢C
INGESTION RATE: 400 GM/HR
DESIGM SPEED: N//€ = 50,000 RPM
PRIMARY NOZZLE
70¢ o] VELOCITY
VELOCITY-Y¥, P«& %._n_?\al
fps I
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.60 =0~=0~ ‘ ‘
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Figure 73, Durability Test Results - Test P4 - Velocity,
Mach No., Efficiency, Temperaturs Ratio,
and Pressure Ratio Versus Runaing Time,.
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Rotor airflow is a typical example where the effect of erosion is such
that the minimum blade passage area is progressively increasing,
causing the rotor to move to a new operating characteristic, at higher
flow/higher work. From Figures 72 and 73 the trends in rotor flow,

pressure ratio, and efficiency all reach peaks near 35 hours, and then
begin to decline, {See Appendix A for camputational procedure,)

The quantity of bypass flow induced by the primary stream (Figure

72) apparently does not increase, even though more energy is avail-
able from the rotor. One possibility is that the stator deviation
problem becomes more pronounced as the airflow is increased, and as
a consequence, the axial flow component is actually reduced, causing
the ejector to pump less bypass air,

The problem is not a significant one, as the 20-percent rate of bypass
obviously was an adequate rate of scavenge, However, some mod-
ifications to the turning vane design would permit the same amount
of bypass air to be induced, but at a somwhat lower rctor output,
thereby reducing the power requirements of the blower.

TEST P4 - DURABILITY - MECHANICAL EFFECTS

At the inspection intervals during the durability test, diametral
measurements were taken on the rotor near the leading edge and

also on the splitter housing. The purpose of these measurements was
to determine the nature of the wear rate as a function of time,

From these measurements, it was found that both the shrou@ (housing)
ID and the rotor inlet OD vary linearly as a function of running

time (Figure 74). Consequently, the radial tip clearance experienced
a fairly linear rate of increase.*

The cold, static radial clearance near the impeller leading edge
varied from 0,007 inch at the start of the test to approximately
0.C46 inch after 118 hours, The average rate of clearance increase
was 0,3 mil per hour of operation under the conditions tested.

H
.
. H

(a) Splitter housing material - 321 stainless stzel

(b) Rotor material - 17,4 PH stainless, Rg 32-33
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The observed pattern of wear on the blade at the test conclusion is
shown in Figure 75. In the view shown, the erosion is fairly uniform
along the leading edge and the shroud, with slightly more wear towards
the leading-edge hub.

In tae cross section, all of the erosion is seen to take place on the blade
pressure surface, and the auxiliary view in Figure 75 is typical of
sections normal to the flow streamlines at most stations along the
blade,

The uniformity of the wear pattern on the rotor is consistent with the
relatively siow rate of performance degradation that was observed in
the test.

TEST P4 - DURABILITY - OPERATIONAL LIFE CRITERIA

In the preliminary design of this blower, the basic criterion assumed
(from related past experience) was that sand ingested by the rotor
should be limited to 5 pounds in association with a particular material
and rotor inlet blade speed. Translated into equivalent pounds of sand
for a steel rotor at 500 fps blade speed, that limit was determined to
be 11.9 pounds of sand for a minimum 50-hour operational life,
Further, for specified engine and particle separat: ‘haracteristics
(5.0 1b/sec, 18 percent scavenge, 95-percent effi . cy, 1.5 mg/ft3~
concentration), 11,9 pounds of sand wouldt ... - .ed in no less than
50 hours of nperation if the blowar inlet was a rninimum of 72-pergent
efficient,

We may now modify the above criterion by using the data which was
obtained in Test P4,

Assume that the rotor as shown in Figure 70 (P4 conclusion) is taken
to represent the maximum operational life of a scavenge blower
critical component. This assumption is conservative since the rotor

lost less than 5 percent in flow capacity over the duration of the test.
For that rotor,

X = pounds of sand through rotor = 20,79 pound's-—
@t =118 hours.

By plotting operating time against blower inlet separation efficiency

(n,) for the above quantity of sand then the relationship shown in
Fizgure 76 results,
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FIXED PARAMETERS:

X = WT, OF SAND THRU ROTOR = 20.79 LB.
ny = I.P.S. EFFICIENCY = 0.95
By = I.P.S. SCAV. RATE = 20%

Yeng = ENG. AIRFLOW = 5.0 1b/sec
Co = I.P.S. SAND/AIR = 1.5 MG./FT3

500
00| TIME REQ'DG. FOR ROTOR TO .
" INGEST 20.79 LB. SAND AS
300 |——A FUNCTION OF INLET A
SEPARATION EFFICIENCY
200
[7,}
fe 4
-
21— v L A
100 )%
' | e TESTED
z ‘,/’ ' CONFIGURATION
50 [ — —— — | — }
= 40 / MIN
= .
z I REQ'D.
2 :“} — | L
m:x;\_ } |
CONVENTIONAL | '
DESIGN | |
(np = 0.) ¥
10, 20 20 60 80 100

INLET SEPARATION EFFICIENCY - Ny

Figure 76, Blower Operational Life as a Function
of Inlet E{ficiency Based on Test P4 Results,
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Clearly for a 50-hour objective, the amount of margin built into the
present design can be reduced. By reduc’ng rotor airflow by
approxima‘ely 4 percent, and rotor pressure ratio also by 4 perceat,
then the blower input power is 10 horsepower at 60-perceat stage
efficiency, Bypass ratio becomes 15 percent, which is casily adequate
for the required inlet efficiency (‘nz) = 0.60 in Figure 75.

TEST P5 - ICE INGESTION/FOD TEST

In the final test of the blower evaluation program, a seriea of common
kardware items were introduced sequentially into the inlet, The
cbjects . - iged in size from . 32~inch lengths of safety wire, up to

No. 8-32 bolts x 1/2-inch length,

Saveral pieces of ice, nominally 1/2-inch cubes, wese introduced as
well,

In order that some degree of randomness be present, the objects were
c¢irected, unde:z shop air pressure, at the sloped section of a mitered
elbow blower inlet flange.,

Al)l objects passed through the blower and either were expelled from

the exhaust without incident or werec trapped in the bypass channel
at the reduced area section upstream cf tne ejector secondary nozzle,

NOTE: The rotor used in this tect was 1 ba~kup (unused) rotor;
ingpection after the FOD test showed no ev_z.nce whatsoever of any
damage, indicating that ail vojecis bypassed the rotor completely.
Operating point for the test was 50, 500 rpm at minimum system
bacx pressure.
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AERODYNAMIC DESIGN - SYSTEM Sl (TASK 1II)

GENERAL

The alternate system (S!) is a second approach to the development of

a durable scavenging means for an engine particle separator. From
the earlier concept studies, the selected configuration was a multiple-
tube ejector assembly. The objective in evaluating this type of design
is to ackieve high durabality, utilizing the inherent additional aavantages
of extreme simplicity. low cost, reliability, on/off capability, «nd
good potential for a compact desig .

For purposes of designing and testing this system, it will be assumed
that the conditions available to the primary nozzle are 188 psia at
12¢9 R,

The raain disadvantage of the ejector approach is that the primary
air supply is relatively costly in terms of power penalty tc the engine.

In the feasibility study phase of this program, data was presented
which related bleed to percent power loss (Figure 16), On the basis
of this figure, an i:fluence coefficient of 3.2:1 will be assumed when
relating pevcent bleed (or primary airflow) to power penalty.

The earlier studies also established that for a secondary flow of 0.9
ib/sec, where cthe ejector (s) must ocperate with an inlet total pressure
depression of -20 in, H,O, the primary airflow required will be
approximately 0,1 lb/sec (2-percent bleed).

NUMBER OF EJECTOR TUBE ELEMENTS

For a specified total quantity of primary airflow (:n this casex~0, 10
1b/sec) that will be requireqd, the maximum nunber of individual
ejr.itor tubes will be limited by the resulting throat area of the nozzle.
In general, the overall size of the individual ejector becocmes smaller
as the size of the primary nozzle is reduced. A practical limitation
is reached when the throat size approaches .050 to ,060 inch; dia-
~ <ters smaller than this, for a converging/diverging nozzle,would
sgat fabrication problems if conventional machining methods are
1ployed, Also, the nozzle becomes prone to blockage from zon-
nination or fram oi] {ilm residue at the elevated temperatures pre-
sent,

To determine the number of tubes in the assembly, the fcllowing de-
sign point parameters are assumed:

+
g ﬁn“"’”ﬁ_d. T s R oA e e
3

Primary nozzle pressure - P, P = i88 psia
Primary nozzle temperature - T, p = 1250°R
165
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¢.1 1b/sec

4]

Tctal primary flow rate - 'v.p TOT
Specific heat ratio at 1250°R -y = 1,3662
Blockage factor at the rozzle throat - Tp * = 0,97

By using standard compressibln flow relationships, the number of tubes
as a function of throat diametwer may be determined; the results
appear in Figure 77.

The 15-tube assemlly was selected as yielding the smallest practical

throat diameter {D_%* = ,0575 inch) consistent with the specified supply
conditions., P

Thermodynamic design of ‘*e ejector, discussed below, will be based
upon analysis of one eleme.t of the 15-tube assembly,

EJECTCR THERMODYNAM'C DESIGN

The minimum performance requirements to be satisfied by the ejector

} assembly are listed below:
Total flow scavenge< - V. 1o = 0,90 1b/eec
Inlet pressure - PoIN = Pos = =20 in, HZO
Inlet temperature - ToIN = Tos = 518.7°R
Primary flow rate - Wp - = 0.1 1b/sec (2% bleed)
Primary pressure - P‘op = 188 psia
Prim:ry temperature - 'I'0 o = 1250°R

On the baszis of one element from the 15-tube assembly:

Secondary flow - W8 = ,06 ib/sec at -20 in, H,0
Primary flow (nominal) - W ,0068 lb/sec at 188 psia at
P 1250°R

r ot v e AR MM P MG aay i sty S

It T o R R DRV

i




116 -

[7¢]

s

S FIXED PARAMETERS:

= .00 PRIM. NOZZLE PRESS. - 188 psia

, PRIM. NOZILE TEMP, - 1250°R
, . TOTAL PRIMARY FLOW - 1b/sec
; = .09
. <
: = .080 |
: =
S o0 THROAT BLOCKAGE ;
: - - FACTOR PER NOZZLE :
- * = 0,97
= ul H
3 N.060 f
N e~ — — ——— — — — — —
: z 3
: - 15-TUBE ASSEMBLY:
& .05C |- THROAT DIA, = D* !
§; = = ,0575 IN. | :
g. & .040 } | | | 1 | * ] | ] :;
1 2 4 6 g8 v 12 14 16 18 20
5 :

NUMBER OF EJECTOR TUBES - n

SRR
Paiatet

ik
4

Figure 77. Frimary Nozzle Throat Diameter az a
Function of the Number of Ejector Tubes.
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The computer program which was used to design the ejector is de-
scribed extensively in Reference 6, Basically, the program can be
used to predict the performance characteristics of axisymmetric,
single-nozzle jet pumps with variable area mixing tubes, where the
primary flow may be supersonic.

The ejector design pzogram was applied to numerous geometric con-
figurations, with the intention of generating a compact unit that re-
quires we minimumn bleed air possible to achieve the stated performance
objectives. The prime variables that were studied in arriving at a

final design configuration were t.e following:

e Secondary-to-primary area ratio,

e Shape of the mixing tube; for exampie, converging versus con-
stant diameter.

e Mixing tube length versus diffuser length.
) Diffuser area ratio.

The ejector gshown in Figure 78 has an overall length of ten times the

mixing tube diameter, and can operate againsta static pressure

headrisc of 50 in, O. In Table 19, the design point thermodynamic

characteristics are fisted. All areas are effestive flow areas.

I}B)lc;ckage factsrs and conversion to geometric flow paths are discussed
elow,

FLOW-PATH SPECIFICATION

By the assignment of an estimated aerodynamic blockage factor to the
areas givan in Table 19, the geametric flow path is determined.

A high blockage factor at the nozzle exit was assumed to provide for an
overexpanded primary flow, In effect, this provides some margin,
where nozzle exit area adjustments could be made in the case where
exit effective flow areas were greater than design.

Flow path dimensions for the mixing tube, diffuser, and primary nozzle
are shown in Figures 79 and 80.

6. Hiclkman, K,, ANALYSIS AND TESTING OF HIGH-ENTRAINMENT
SINGLE-NOZZLE JET PUMPS WITH VARIABLE AREA MIXING
TUBES, NASA CR-2067, June 1972,

———
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Figure 78, Design Point Static Pressure and Vealocity
Distributions (System Si).
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TABLE 19, SCAVENGE EJECTOR D_SIGN POINT
Parameter Symbol }t\zi::u‘:'fe
Primary Tlow

Flow rate Wp .0068 1b/sec
Percent bleed %Wp 2%

Engine power loss %A SHP/ SHP 6.4%

Total pressure pop 188 psia
Total temperature op 1250°R
Nozzl: throat area KEFF. ,002519in, 2
Nozzle exit area Ap EFF 005678 in.2
Mach number Mp 2,38

Secondary Flow

Flow rate w, 0.06 1b/sec
Flow ratio W,/ Wp 8,82

Inlet pressure o 5N -22"H,0=13,91 pth
Inlet temperature T, N 518, 7°R
Secondary flow area A’ «3543in, 2
Mach number Mg 0.33
ing Tube

Mixing tube area Ay .3509in.2
Area ratio Ayl Ap 61.8

Length ratio L Mj D 7.0

Diftuser

Area ratio Apx/AM 3.0

Length ratio LDID 3.C

Exit Area Ay 1,057 in, 2
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TEST RIG AN. . STRUMENTATION

The.mechanical design of one ejector element was integrated with the
design of the test rig. (A typical configuration for the full 15-tube
assembly is discussed in the following section.)

Figure 81 shows the rig that was designed along with the primary and
seco.ndary performance instrumentation, All flow path elements, in
cluding the supply nozzle, were fabricated fram 321 stainless steel,

The primary air flow path contains an orifice section (, 125-inch orifice/
.415~in. duct) followed by a high-pressure manifcld to which the nozzle
ie silver brazed,

In the secondary duct, an inlet throttle is provided to simulate the loss
across an engine particle separator. An orifice section (1~-inch dia-
meter/z.065-inch duct) is located approximately 25-pipe diamzters
downstream, allowing for flow stabilization after the valve.

Performance instrumentation was kept to a minimum, including only
flow measurcments and primary and secondary nozzle inlet conditions.
From these measurements, the performance of the ejector was deter-
mined under representative suction duct conditions using primary supply
air 188 psia at 790°F,

The following measurements were taken:

Primary airflow AP - (1)
Upsiream orifice pressure - (1) ,
Orifice temperature - (1)
Inlet pressure - (1)
Inlet temperature - (1) ‘
Secvondary airflow AP - (2)

Upstream orifice pressure - (2)

Orifice temperature - (1)
Inlet pressure - (1)
Cell ambient pressure - (1)

Cell ambient temperature - (1)

Photographs of the actual hardware prior to the start of testing appears
in Figure 82.
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DIFFUSER

SECONDARY
TEST RIG AIRFLOW
A§SENBLY THROTTLE

SECONDARY FLON .
ARIFICE SECTION &
?'

INLET BUC
AXD ORIFICE =
SECTION REMOVED §

<

PRIMARY NOZZLE
PRESSURE &
TEMPERATURE

PRIMARY FLOW
ORIFICE SECTION

- N\ . &
- -l
Figure 82, Alternate System Test Rig Components
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MECHANICAL DESICN ~ SYSTEM S1

A multiple-tube ejector assembly is shown in Figure 83, In this con-
figuration, a rectangular 5 x 3 array is used, and most components may
be fabricated from sheet metal,

The advantage of the multiple-tube design is that compact arrangements
of the elements may be made to suit a given engine installation. Ex-
amples of other configurations have teen shown in the easibility study
(Figure 19).
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TEST PLAN OUTLINE

The test series conducted on the critical element of a multiple-tube
ejector assembly (System Sl) was similar in content to the evaluation
program for the primary system and is oulined below:

Test Al - System Efficiency/Power Input

Evaluate the pumping capacity and power input requirements of
the ejector over a range of conditions corresponding to engine
operation from idle to maximuvm power,

Test A2 - Ice Accumulation Test

Determine the effect of ice buildup, as a result of supercooled
water carry-over from the engine separator, upon the scavenge
pump performance,

Test A3 - Water Ingestion

Measure the shift in design point stoady tate pumping capacity,
under conditions where water is introduced into the secondary

flew duct.

Test A4 ~ Durability

Evaluate the effect of sustained operation in a erosive environ-
ment, equivaleat to a military 50-hour sand ingestion test,
upon the mechanical and aerodynamic performance of the eject. r,

Test A5 - FOD Test

Qualitatively assess the ability of the system to ingest typical
aircraft hardware in ~‘=es appropriate to the particular
scavenge system design, and measure the susceptibility of
this system to damage from solid ice ingestioa,

el T T
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EXPERIMENTAL EVALUATION OF THE ALTORNATE SYSTEM (TASK 1IV)

TEST Al - SYSTEM EFFICIENCY « POWER REQUIREMENTS

To determine the ejector power ruquirements, the first test conducted
was a clean inlet baseline performance evaluation over a wide range of
primary and secorndary condtions,

These conditions were as follow:

Primary Nozzle Primary Nozzle
Pressure (psia) Temperature (OR)
60 840
100 990
140 1195
188 1250

For evach conditica above, the test procedure was to measure the re-

sulting secondary flow rate, beginning with the minimum inlet system de-

pression. The suc:tion duct pressure was then decreased in inc.ements
until the limits of the jet pump capacity were determined (i. e., the
value of secondary pressure at which the flow rate approcr-hes zerv).

The results that were obtained are shown in Figure 84,

Secondary airflow is cor-ected t> standara day test cell ambient con-
ditions. For reference tu the design point, the flow rate (WS\@/G
iz 0.0% 1b/sec for standard day ambient conditions for an ejer’ oz
st tion duct pressure PoS equal to -20 in, HZO'*

The test results on Figure 84 are self-explantory., Of main intecest

is the data for maxiraum primary supply pressure, i.e., 188 psiz, which
shows that the re juired scavenge airflow is pumped when the secc “ary
total pressure is apptoximately -1, in, HZO’ Thiese results ave very
clzse o design  oals:

amh

_Design Test
Ai_flow, W.\A76) .06 b/se. .06 lb/sec
S amb
L.let Pressare, F, -0 n, H_O -19 jn, H O
N 2 2

——

# fhe plane which is selected for airflow correctior is a muter of
choice., I, for exarnple, the secendarv nozzle inlet is chosen. ‘nen
at design point (W 8/8) .= 063 Ib/se~at . o -20 in. H,0,

Al. test data woulc? then BY scalad up bv the ra;gu of Pamb /Po N -
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The power input requirement to the ejector is a function of tne rate of
bleed extracted from the engine. Figure 85 shows the measured primary
airflow (actual) as a function of supply pressure. At design conditions,
the primary airflow is , 6071 lb/sec, and on the basis cf a 15-tube
assembly:

. 1065 lb/sec

2.1%
¢£.8% >

Total Blead Fiow 15 (.0071 1b/sec)

.1065/5.0
3.2 (2 1%+

11

; Percent Bleed
[ Power Penalty

From the data presented up to this point, the performance goals of the
scavenge ejector have been esseutially attained, fran the viewpoint of
the supply conditions require i, the power penalty, and the system pump-
ing charactetistics,

TEST A2 - ICE ACCUMULATION

To determine the effects of ice accumulation upon the operation oi the
scaverge pumy, for circumstances where supercooled water is drawn
fran the particle separator, the ejector rig was mounted so that the
inlet puraped cold air from an icing tunnel into which an atomized water
spray was introduced.

Conditions established for the test were as follow:

Primary Air - 188 psia at 900CR

Inlet Temperature - +21°F

Water Flow Rate - 1.0 1b/hr

Liquid Water Content - 2.3 gm/m3 '

Total flow through the system was computed as a function of running
time, using a canbination kiel/tamperature pro%:¢ positioned at the
diffusex discharge plane, The resulting rate pumping capacity loss is
shown in Figure 86,

After 20 minuies of operation, approximately 12-parcent loss in flow

had resulted. The initizl ice buildup occurred near the secondary e\
nozzle; accurmulatior appareatly rever reached appreciable amounts -
since shedding occurred periodically, evidently due ic sufficient heat .

conduction from ths primary supply manifo. i,

¥Reference rigure 16 for bleed/power influencc coefficient,
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TEST A3 - WATER INGESTION

The water ingestion test simulated operation of the scavenging system
under conditions where the separator ingests water in an amount equal
to 5%, by weight, that of the engine flow rate, all of which is assumed
to be carried into the scavenge punp, For one ejector element, the
maximum steady-state quantity is approximately 8cc/sec,

A residual "slug" of water in the suction duct presented no problem,
The water was immediately (and vigorously) exnelled from the system,
at the moment the primary air was introduced.

Two steady-state conditions were tested and the results were as follows:

Water Primary Secondary Airflow
Flow Conditions __éirﬂow Loss
(1) 0. 188 psia @ .057 1b/sec -
8.8cc/sec 1250°R .046 1b/sec 19%
(2) 0. 140 psia @ .043 1b/sec -
8.8cc/sec 1120°R .040 1b/sec 17%

No adverse mechanical effects were noted from tt2 water impingement
on the prime .y nozzle,

TEST A4 - DURABILITY

The quantity of sand (MIL-E~5007C) - :livered to the scavenging system
from a 5,0-lb/sec engine separator was determined in the blower test
program to be 400 gm/hr with a total test duration of 50 hours., At the
rate of 400 gm/hr, assuming an equal distribution to all ejector ele-
ments, only 26,7 gm/hr would be seen by one ejector.

In view of this ve .y low sand feed rate, the test was accelerated so as to
deliver the equivalent 50~hour quantity within an 8-hour period. There-
fore, the required accelerated rate of ingestion for one tube was:

X =26,7 gm/hr (,53)5 166 gm/hr
. b

The #ctual feed rate used was 170 gm/hr’.,‘ for an 8~hour period.

¥TIT0 gm/hr/
[I gm Ejecto:} x 15¢jectors x 8 hr = 44,9 ib sand (total),
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For this test, the rig was modified to facilitate introduction

of sand into the suction duct along the ejector centerline. The

inlet throttle and flow orifice were removed; and to establish the
required inlet depression, a stationary throttle plate was installed
just upstream of the secondary nozzle. A calibrated feed hopper and
ejector were used to introduce the sand directly into the suction duct,

At the conclusion of the 8-hour test, the original setup was restored

in order to recheck performance, using the secondary ilow orifice.

In view of the mechanical design of the ejector, the only components
expected to show wear of any significance would be the upstream
face of the primary nozzle manifold, and the converging secondary
nozzle, These compounents are shown before and after the test in
Figures 87 and 88,

Since the air velocities are quite low in the suction duct, the
ernsion was very minimal, and amounted to a "'frosting' of the
surfaces.

Performance of the ejector was unchanged when checked at the
conclusion of the test,

TEST A5 - ICE INGESTION/FOD

The concluding test in the alternate system evaluation program was
to determine the susceptibility of this design to durmage resulting
from the ingestion of common aircraft hardware in sizes appropriate
to the configuration.

With the ejector operating at design point, the following objects
were iutroducted:

1, Four pieces of ice, naminally 1/4 inch on a side up to
3/4 inch on a side,

2. Safety wire, 1/32-inch diameter, in lengths up to 1/2-
inCho

3. No, 6~40 bolt x 3/8 inch ler gth
No, 6-40 nut

4. No, 10«32 bolt x 5/8 inch length
No, 10-32 nut

Objects sufficiently small were easily exp:lled by the sjector,
without any noticeable effect,
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Figure 87,

PRINARY FLOW NOZZLE
PRIOR 10
QURABILITY TEST

8 HOURS OPERATION AT
110 G® HR SAND FEED RATE

Effect of Sand Ingestion Upcn Primary Nozzle - Test A4,
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SECONDARY FLOW NCZILE
PRIOR TO
OURABILITY TEST

8 HOURS OPERATION AT
170 GM/KR SAND FEED RATE
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Figure 88, Effect of Sand Ingestion Upon Ejector Secondary
Flow Nczzle - Test A4.
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The larger objects {No. 6, No. 10 bolts) became lodged at the
minimum area point, just upstream of the primary rozzle exit,

Upon teardown inspection, there was no svidence of damage to any
component,
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CONCLUSIONS

PRIMARY SYSTEM

The innovative concept that was introduced in this prograr: is a prac-
tical means o1 achieving a ¢uv-able configuration for a particle separator
scavenge »~p, The design concept is sufficiently flexible to permit a
wide range ! nerational lifetimes,

Since the blower does incorporate an ejector, it will inherently draw
more power than a conventional design with the same flow and headrisz
specifications, This power increase is solely a function of the degree
of durability that is required for given applications,

In subsequent applications of the blower design described in this report,
the following considerations are recominended:

i, The test data indicated some deficit in bypass airflow that
was likely due to residual swirl at the mixing plane., The
swirl can be eliminzted by suitable inodification to the
turning vane assembly, such as an increase in solidity
or by the selection of an alternate camberline shape,

By elimination of swirl, power input is reduced fer the
same amount of bypass flow that is pumped.

2. For a 50-hour objective, the amount of margin built into
the present design can be reduced, The labled '"Design
Point" (Figure 71) can be moved closer to the mininum
goal point. This could be accomplished by simultanecusly
reducing the rotor airflow ( = 4%), the : .lor pressure
ratic ( =z 4%),and the bypass ratio (B ypw ~ . 15). With
these changes, power input could be reduced fram 15, 6
horsepower (present designj to 10.0 horsepower, at a 60..
percent stage efficiency level,

3. One general development change that can be incorporated
into this blower design is to use an available protective
coating which is applied by a diffusion pack process in
thicknessea of 0,7 to 1.5 mils to a stainless steel base
material. Since both rotor and stators reached opera-
tional limits simultaneously, the coating, if used, would
have to be applied to both ccmponents,

With respect to erosion resistance the referenced coating erodes at
3 percent of the rate of stainless steel, under comparable conditions,

The protective coating could be used in various ways; for example, if
fhe coating was applied to the present desiyn, an order of magnitude
increase in lifetinie would result, However, this is impractical if
viewed with resepect to the basic lifetin.o cf the gas turbine under a
canparable environment,
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Instead, a 'aybrid' approach could be taken where, i. given a re-
quired design life, some of the protection that would be provided by

tae inlet separator/bypass air is traded for improved erosicu resistance
on the critical elements., In short, the canbination of the ''bypassing
blower' with a coated rotor results in a lower power input fcr a given
ope ational life,

ALTERNATE DESIGN

Application of the jet puinp concept as a means of scavenging the gas
turbine engine particle separator offers significant advantages in
ter.ns of extreme simplicity, low cost, and durability anc on/off
capability, Available methods for analytical design have been dem-
onstrated in tkis program to be very accurate, and virtually the

only changes in design procedure would involve assuming less aero-
dynamic blockage at the primary nozzle exit.
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APPENDIX A
o, COMPUTA 'IONAL PROCEDURE FOR BLOWER
) 0 EQSE
aE This Appendix presents a sample computational procedure for blower
N performance analysis, The data values used in the sample calculation
) correcpond to the starting conditions for the durability test (Test P4).
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LIST OF SYMBOLS

secondary nozzle area, in,2

primary nozzle area, in, 2

mixing tube area, in, 2

diffuser area ratio, in,2

effective flow area, in.2 (general)

geometric flow area, in,2 (general)

actual static pressure reccvery = 45P/(P_-P)

ideal static pressure recovery - (1 - 1 )

specific heat = C.24 Btu/lb,, °R

sandsto-air concentration at the engine compressor inlet

sand-to-air concentration at the i, p.s. inlet = 4,29E-05
Ibgand

b

air

sand-to-air concentration at the scavenge blower inlet
kydraulic diameter (generai), in,
hydraulic diameter of the mixing tube, in,
relative wear factor as a functicm of particle velocity
relative wear factor as a function of material type
Fanning friction factor = 0,003
constant = 32,1741 1b  ft

16t sec?
ideal headrine = CpJT, (Pr Y - 1), ft-lbg/lb,
actual headrise = Cpd (8T0), ft-1be/1b
headrise coefficient = CP gT A ’%fﬁz

horsepower
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constant = 778 ft-lbs/Btu
length, in. (general)

mixing tube length, in,
liquid water content, gm/m3
Mach number =JT§M"
rotational speed, rpm
special speed parameter
pressure ratio(total to total)
total pressure, psia

static pressure, psiza
constant = 14, 696 psia

total pressure rise, in, HEO
static pressure rice, in, H,O
dynamic head = (Po - P), poi
volume flowrate, cu ft/sec
constant = 53,3504 ft-1bg/lb,. “R
radius coordinate, in,
channel height

Reynold!s number = x ¥/
shaft horsepower

total temperaturs; °R

static temperaturz, °R

temperature ratic {tetzal to total)




T
STD

[+

ViVo

time ; thickness, in.

constant = 59°F = 518, 7 OR

blade speed, fps
mean blade speed, fps
particle relative velocity , ips

velocity, fps (general)

mean velocity, fps

Axial velocity, fps

meridional velocity, fpa

relative velocity, fps

flow coefficient

airflow, lb/sec (general)

total airflow to scavenge pump, lb/sec
rotor channel airflow, 1lb/sec

bypass channel airflow, lh/sec

sand ingested by rotor, lbm

sand feed rate to scavenge pump, gm/hr

axial distance, in. (blading sections)
radial distance, in, (blading sections)

axial coordinate, in,

flow ratio; blade angle, relative air angle

area ratio, aksoluts air angie

engine separator scavenge rata
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az - blower bypass ratio
& -~ pressure referral parameter = Po/Pstd
€ - coefficient of restitution
Y - specific heat ratio = 1,400
. _— . W¢. bypassed
%E p - separation efficiency by weight (general) = Wi, into pamp
n - separation efficiency of the engine separator
A7) - separation efficiency of the blower inlet
DIFF - diffuser efficiency = (CP,)/{CP:}
v - kinematic viscosity, ft2/sec
P - density, b, /ft3
Mo’ Npoly - polytropic efficiency = y-1 1n Pr
YX_:;A In Tr
NAD - adiabatic efficiency = pr Y -1
Mr -1
9 - vane camber angle; blade meanline polar coordinate
8 - temperature referral parameter = TO/TSTD
T - blockage factor = AEFF/AGEO (general)
™ -~ ejector nozzle throat blockage factor
u - absolute viscosity, 1bf;se<:_/ft2
1 - micron, 10 -6 meter
SUBSCRIPTS
amb - cell ambient
BYP - bypass measurement plane
D;DIFF - diffuser inlet

EX - blower exit plane
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rotor inlet plane

i

IN - blower inlet plane

M; MIX - mixing tube inlet

P;PRIM - primary nozzle

S;SEC - secondary nozzle

STG - stage

w - relative )

o St o o
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